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This thesis presents the outcomes of techno-economic studies of power generation using hybrid 
Concentrating Solar Power (CSP) systems, in particular, the Hybrid Solar Receiver Combustor 
(HSRC). The HSRC technology consists of a device that integrates a combustor into a tubular 
solar cavity receiver to enable a schedulable firm supply of electricity. Two innovative 
configurations of the HSRC were investigated; one operating with conventional combustion 
while the other operating with Moderate or Intense Low-oxygen Dilution (MILD) combustion. 
The HSRC was developed to lower the overall cost of renewable electricity generation by 
reducing the installed capital cost, fuel consumption and parasitic losses of a conventional 
hybrid Concentrating Solar Power (CSP) plant. The HSRC technology was also developed to 
provide a firm supply of electricity with lower emissions relative to current state-of-the-art 
hybrid CSP systems.  
The thesis presents an assessment of the HSRC, which was based on operation with 
conventional combustion, with an analytical model that calculates the heat transfer, mass flow 
rates and energy into and out of the device. A systematic investigation of the influence of 
controlling parameters on the performance of the device was undertaken. The performance of 
the HSRC was analysed with a pseudo-dynamic model that accounts for variations in CSP 
input using historical solar data from sites in USA and Australia.  
The thermal efficiency of the HSRC was found to be similar to a conventional system of two 
stand-alone systems, namely; a solar-only cavity receiver and a conventional natural gas boiler, 
also termed Solar Gas Hybrid (SGH). Additionally, it was found that the HSRC system benefits 
from the reduction in start-up and shut-down losses, incurred by a backup boiler, and a decrease 
in parasitic losses due to the integration of solar and combustion in one device.  
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The HSRC was estimated to reduce the overall Levelised Cost of Electricity (LCOE) by up to 
17% relative to the SGH system. The sensitivities to key parameters of the LCOE were also 
assessed, and the results were found to be highly influenced by the price of the fuel (natural 
gas). In addition, configurations of the HSRC that enable it to operate in the conditions required 
for MILD combustion were also identified. This is desirable as the combustion regime is known 
to offer greater compactness, lower NOx emissions, and potential fuel savings due to higher 
and more uniform heat transfer relative to current state-of-the-art combustion systems. 
Operating in this combustion regime resulted in a more compact device and an estimated LCOE 
reduction of up to 4% relative to the HSRC operating with conventional combustion for the 
same reference receiver size of 30MWth. 
This thesis also evaluated the potential to lower the cost of hybrid CSP systems by modularising 
selected components (e.g. heliostat, tower and receiver) in a CSP plant. It was found that the 
energy losses in a system of small-sized modules employing molten salt as its heat transfer 
fluid are dominated by electrical trace heating due to the increased in piping length relative to 
their larger receiver counterpart. However, this can be reduced by a significant amount using 
alternative heat transfer fluids with a lower melting point such as sodium. In addition, for 
modularisation to be cost effective, access to alternative, lower-cost manufacturing methods is 
required. Specifically, the benefit of standard learning rates is insufficient to lower the LCOE 
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Environmental concerns and emission targets over the last few decades have fuelled much of 
the effort in developing technologies and regulatory framework to tackle climate change [1, 2]. 
This is because the majority of scientists established that climate change is linked to an increase 
in human induced greenhouse gas emissions which poses major risks to not only the society, 
but also the economy and the environment [2, 3]. A warmer climate is predicted to increase the 
frequency of extreme weather incidents, such as heatwaves, torrential rain and droughts [2]. 
One of the major contributors to climate change is human induced emission of greenhouse 
gases, such as carbon dioxide, water vapour, nitrous oxides and methane, into the atmosphere 
[2]. These gases store heat radiated from the surroundings in the atmosphere. Since the 1950s, 
the concentration of greenhouse gases, especially carbon dioxide, has increased substantially 
as a result of human dependence on fossil fuels for energy conversion [4]. In addition, a study 
performed by the Energy Information Administration (EIA) has found that the consumption of 
fossil fuels may potentially increase by an additional 27% over the next 20 years [5]. It was 
determined that such an increase would result in a global temperature rise of around 1.4°C over 
the next century [2]. To prevent such rise in temperature and its long-term effects, there is a 
need to reduce greenhouse gas emissions as soon as practical. Several solutions have been 
proposed and those include: increasing the penetration of renewable energy generation, 
deployment of carbon capture and storage technologies and improving the energy efficiency of 
existing electricity generation systems and electrical appliances. 
Two of the most prominent methods to harness renewable energy from the sun to generate 
electricity are solar photovoltaic (PV) cells and Concentrating Solar Power (CSP) technologies. 
The use of solar energy to displace fossil fuels is expected to significantly decrease the level 
of greenhouse gas emissions to the atmosphere [6-8]. In recent times, there has been an increase 
in interest in CSP technologies, comparable with solar PV research, especially for large scale 
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solar power generation as CSP has several advantages over solar PV [1]. The advantages 
include CSP potentially achieving higher solar-to-electricity efficiencies, lower investment 
costs for storage and wider hybridization options, although solar PV is currently cheaper if 
considering only electricity generation [9]. The International Energy Agency (IEA) has 
predicted that the CSP industry will potentially account for 28% of total global electricity 
generation over the next few decades [6]. However, it is common knowledge that solar resource 
is intermittent and varies in nature. Hence, there is a need to cost effectively address this issue.  
Two of the solutions that have been proposed to address the intermittency and variability of 
solar resource are to introduce storage technologies, and hybrids with traditional combustion 
technologies [10-14]. Of the various types of storage technologies, Thermal Energy Storage 
(TES) is the most widely deployed storage system in CSP plants around the world. This is 
because TES has a high energy density and high energy conversion efficiency [12, 15]. When 
coupled with a CSP plant, TES enables electricity to be dispatched when solar radiation levels 
are below its useful threshold thus increasing the plant’s solar fraction and enables load shifting 
capabilities [16]. However, storing enough solar energy via TES to enable a continuous 
dispatch of electricity [17], especially in ‘island’ electrical networks or stretched capacity wires 
as found in Australia, is unlikely to be financially beneficial. Meanwhile, hybrids of CSP with 
fossil fuel systems are attractive in the short term to provide firm supply, mitigate greenhouse 
gas emissions and capitalize on the lower cost of energy from readily available fossil fuels [18]. 
This implies that a combination of CSP and fossil fuelled systems offers the potential to reduce 
greenhouse gas emissions at a moderate cost, while providing a firm supply of electricity [19, 
20]. Hence, it is likely that the introduction of hybrid CSP-combustion systems will be one of 
the stepping stones towards the path of greenhouse gas emission mitigation.  
One of the recently proposed concepts is the Hybrid Solar Receiver Combustor (HSRC), which 
integrates the functions of a solar-only cavity receiver and a natural gas combustor into a single 
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tubular receiver [21, 22]. It was previously found that the device offers significant potential 
advantages over an equivalent configuration of a solar-only cavity receiver and a backup gas 
boiler, termed the Solar Gas Hybrid (SGH). In particular, the HSRC was estimated to reduce 
the Levelized Cost of Electricity (LCOE) of the overall power system which includes hot and 
cold storage tanks, a steam generator and an Electrical Power Generating System (EPGS), by 
up to 11% for a 100MWth receiver size [21]. However, this estimate is based on the assumption 
that the capital cost of the HSRC is double that of a solar-only cavity receiver. It was also 
assumed that the performance of both the solar receiver and the combustor within the HSRC 
achieves a similar efficiency relative to its standalone counterparts. In addition, the previous 
analysis assumed an annually averaged performance of the CSP plant, and did not account for 
the additional potential benefits of the HSRC relative to the SGH, such as eliminating the start-
up and shut-down losses of a conventional backup boiler, and reducing electrical trace heating 
required to maintain the temperature of the Heat Transfer Fluid (HTF) (assumed to be molten 
salt) above its freezing point. Hence, further analyses are required to refine the previous 
assumptions and to account more reliably for solar resource variability. Also, the additional 
benefits of the HSRC in reducing start-up and shut-down losses and electrical trace heating 
losses relative to the SGH have not yet been assessed.  
Previous assessments were based on the HSRC operating with conventional combustion, as is 
the case for most of the current state-of-the-art boiler technologies. The challenge with 
conventional combustion is that it produces relatively high volumes of greenhouse gas and NOx 
emissions [23], which play a key role in the formation of acid rain and photochemical smog 
[24]. Therefore, it is necessary to incorporate the use of a low emission combustion technology 
in the HSRC. One of such methods is the use of Moderate or Intense Low-oxygen Dilution 
(MILD) combustion. This combustion method is known to offer lower NOx emissions, greater 
compactness and potential fuel savings due to higher and more uniform heat transfer relative 
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to standard combustion systems [25, 26]. Hence, it is desirable to identify configurations of the 
HSRC that enables it to operate in the conditions required for MILD combustion. The economic 
trade-off of this configuration compared with other equivalent hybrid CSP-fossil fuel 
technologies also needs to be assessed. 
Another proposed method to lower the cost of hybrid CSP plants is the concept of 
modularisation of selected components in the plant, e.g. heliostats, towers and solar receivers 
[27]. This concept is driven by both the potential use of lower-cost materials, and the potential 
to lower the components’ cost by mass production of standardized components of significantly 
smaller scale [27]. Another advantage is that modular systems can be constructed in phases, 
which allows cash-flow to be generated in stages [28]. Yet, these potential advantages should 
be compared with the disadvantages of modular systems that include an increase in the initial 
capital cost and Operations and Maintenance (O&M) costs. To date, no previous assessment 
has been reported of the economic merit of modularisation of hybrid CSP plants. Therefore, 
there is a need to evaluate the conditions where it is economically beneficial to implement 
modular hybrid CSP systems. It is also of interest to determine the conditions in which the 
HSRC will add value to a modular CSP system. 
 
1.2 Project aims 
Based on the above background, the motivation behind this work is based on the need to 
identify cost effective CSP hybridization options, with combustion technology, that has the 





The specific aims of this thesis are the following: 
 To investigate the influence of the controlling parameters of the HSRC, such as length 
to diameter ratio of its cavity and length of the heat exchanger, on its performance and 
weight (which is the key driver of its cost); 
 To more reliably estimate the economic benefits of the HSRC relative to the SGH by 
accounting for solar resource variability; 
 To account for the additional benefits of the HSRC technology relative to the SGH 
system by assessing both the influence of start-up and shut-down losses of a backup 
boiler and electrical trace heating losses for both systems; 
 To identify configurations of the HSRC that enables it to operate in the conditions 
required for MILD combustion and to estimate the potential economic benefit of this 
configuration relative to other equivalent hybrid CSP systems; 
 To identify conditions where economic benefits can be derived from modularising 
selected components in a hybrid CSP plant; 
 To identify conditions where the cost of the HSRC would be lower compared with the 
SGH for a modular system. 
 
1.3 Thesis outline 
This thesis comprises a portfolio of publications that are either in press or submitted for 
publication. This document is presented in seven chapters as outlined in the following:  
Chapter 2 presents background literature regarding the research topic and identifies the gaps in 
current knowledge and understanding. In particular, it provides an overview of current CSP 
technologies and introduces the types of hybrid CSP power plants and thermal energy storage 
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systems. This chapter also assesses the challenges with current state-of-the-art hybrid CSP 
systems and introduces the HSRC technology. 
Chapter 3 consists of the first published paper entitled: “Analytical assessment of a novel 
hybrid solar tubular receiver and combustor”. The paper reports on the study of the HSRC with 
an analytical model that was used to calculate the heat transfer, mass flow rates and energy into 
and out of the device. The influence of variation of the controlling parameters of the HSRC, 
such as length to diameter ratio of its cavity and length of the heat exchanger, on its 
performance and weight was evaluated.  
Chapter 4 consists of the second published paper entitled: “Impact of start-up and shut-down 
losses on the economic benefit of an integrated hybrid solar cavity receiver and combustor”. 
The paper identifies further potential advantages of employing the HSRC relative to the SGH 
by eliminating start-up and shut-down losses of a conventional backup boiler and decreasing 
the amount of electrical trace heating needed to prevent the HTF from solidifying. The 
previously developed analytical model of the HSRC (from Chapter 3) was extended to 
incorporate other components of a CSP system such as heliostat field, storage tanks, a steam 
generator and an EPGS. The model also accounts for the variability in solar resource by using 
a five-year time-series of historical Direct Normal Irradiation (DNI) data at one-hour time-
steps as input. The LCOE of each of the systems analysed were calculated by varying the size 
of the power block and DNI data location.  
Chapter 5 consists of the third published paper titled: “Assessment of the potential benefits and 
constraints of a hybrid solar receiver and combustor operated in the MILD combustion 
regime”. The paper identifies configurations of the HSRC to operate with a low emission 
combustion technology. In particular, this chapter identifies configurations of the HSRC that 
enable it to operate with MILD Combustion. The economic benefits of the HSRC operating in 
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the MILD combustion regime relative to other equivalent hybrid CSP systems were also 
assessed.  
Chapter 6 consists of the fourth paper submitted for publication titled: “Techno-economic 
evaluation of modular hybrid concentrating solar power systems”. This paper evaluates a 
method to potentially lower the cost of hybrid CSP systems involving the modularisation of 
selected components in a CSP plant. Modularisation of both HSRC and SGH systems were 
considered for the same sized power block. The trade-offs between the pros and cons of 
modularisation for both systems were assessed with a pseudo-dynamic model.  
Finally, Chapter 7 presents the conclusions of the work presented in this thesis while Chapter 
8 presents recommendations for future work. 
 
1.4 Publications resulting from this work 
This study has produced four journal papers and two peer reviewed conference papers.  
List of Journal papers: 
- Lim, JH, Nathan, GJ, Hu, E & Dally, BB 2016, 'Analytical assessment of a novel hybrid 
solar tubular receiver and combustor', Applied Energy, vol. 162, pp. 298-307. 
- Lim, JH, Hu, E & Nathan, GJ 2016, 'Impact of start-up and shut-down losses on the 
economic benefit of an integrated hybrid solar cavity receiver and combustor', Applied 
Energy, vol. 164, pp. 10-20. 
- Lim, JH, Chinnici, A, Dally, BB & Nathan, GJ 2016, 'Assessment of the potential 
benefits and constraints of a hybrid solar receiver and combustor operated in the MILD 
combustion regime', Energy, vol. 116, Part 1, pp. 735-745. 
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- Lim, JH, Dally, BB, Chinnici, A & Nathan, GJ 2016, 'Techno-economic evaluation of 
modular concentrating solar thermal hybrid power systems', Energy (submitted 
September 2016 – manuscript number: EGY-D-16-02670).  
Conference papers: 
- Lim, JH, Nathan, G, Dally, B & Chinnici, A 2016, 'Techno-economic assessment of a 
hybrid solar receiver and combustor', AIP Conference Proceedings, vol. 1734, no. 1, p. 
070020. 
- Lim, JH, Chinnici, A, Dally, B & Nathan, GJ 2017, 'Assessing the techno-economics 
of modular hybrid solar thermal systems', AIP Conference Proceedings (submitted). 
 
1.5 Format 
This thesis has been submitted in the publication format, as it includes publications that have 
either been published or are currently under review. It follows the formatting requirements of 
The University of Adelaide. The printed and online copies of the thesis are identical. The online 
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2.1 Concentrating Solar Power (CSP) 
Concentrating Solar Power (CSP) systems harness thermal energy from the sun to generate 
electricity and have been in operation since 1980s, with large scale systems being deployed 
commercially with an estimated total operational capacity of ~4800MWe worldwide [1, 2]. 
Recently, the construction of two of the largest CSP plants in the world in Arizona and Southern 
California was completed [3]. In addition, CSP is also one of Australia’s most viable options 
for renewable energy [4]. This is because solar radiation levels in Australia are extremely high, 
with the country receiving among the highest average amount of solar radiation per square 
metre annually worldwide [5]. There are many additional drivers for CSP technology 
deployment in Australia. The most important of those, are the need for carbon emission 
reduction technologies to meet Australia’s commitments in the recent Conference of the Parties 
(COP 21) [6], energy security in the future due to the finite amount of fossil fuels [7] and the 
need for cost effective energy storage (thermal) to account for the mismatch between supply 
and demand in the electricity market. However, the progress of the CSP industry in Australia 
has been slow due to the technology’s high capital costs. In addition, a High Temperature Solar 
Thermal roadmap commissioned on behalf of the Council of Australian Governments 
concluded that the CSP sector has a major opportunity for development in Australia, if carbon 
dioxide emitted prices in the range of $50AUD per tonne are introduced [7]. Nevertheless, 
many market and political analysts believe that such high carbon prices are unlikely to be 
introduced in the near future. Therefore, it is desirable to increase the market penetration of 
CSP in Australia [7] and also lower the cost of the technology so that it becomes competitive 
with current electricity generation technologies, i.e. there is a need for innovative technologies 




2.2 CSP concentrator technologies 
Concentrating Solar Power (CSP) systems operate on a relatively simple principle: reflect 
sunlight via a reflective surface onto a very small area either in a line, or a point, to increase 
the temperature of a Heat Transfer Fluid (HTF) to levels of up to 1000°C [3, 8]. The thermal 
energy transferred to the HTF can be used to generate electricity through either a gas, steam or 
combined cycle turbine. Figure 1 presents the four current state-of-the-art CSP concentrator 
technologies (clockwise from top left) [8]: 
a) Linear Fresnel Reflector (LFR) 
b) Central Receiver (Tower) 
c) Parabolic Trough  




Fig. 1. Diagrams of state-of-the-art Concentrating Solar Power (CSP) concentrator 
technologies, namely the Linear Fresnel Reflector (LFR), Central Receiver (Tower), Parabolic 
Trough and Parabolic Dish [9]. 
The following is a summary of the operating principles for the four main CSP concentrator 
technologies. 
2.2.1 Linear Fresnel Reflector (LFR) 
Linear Fresnel Reflector (LFR) concentrator consists of mirrors, radiation receivers and 
support structures. This technology employs an array of long rows of mirrors that are either 
straight or slightly curved that concentrate incoming direct normal irradiance (DNI) from the 
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sun onto fixed linear receivers mounted to structures placed above the mirrors [4]. The radiation 
receivers are made up of absorber tubes enclosed in an evacuated glass envelope to reduce heat 
losses [10]. A HTF is circulated inside the absorber tubes to carry the heat from the incoming 
DNI. This heat is then either stored or used directly to generate electricity via a steam turbine 
in an Electrical Power Generating System (EPGS). Systems that use LFR concentrators usually 
operate at temperatures of up to 250°C making them more suited for direct steam generation 
[11]. The main advantage of LFR is its simple design of flexibly bent mirrors and fixed 
receivers, which require lower investment costs. However, LFRs are typically less efficient 
than other similar technologies such as Parabolic Troughs due to a lower optical efficiency, 
(higher cosine losses, daily profile, etc.) resulting from the concentrators’ geometric properties. 
This results in low solar concentration ratios of ~10 to ~40 [11]. It is also more expensive to 
couple this technology with thermal energy storage due to its low operational temperatures [8].  
2.2.2 Central Receiver (Tower) 
The Central Receiver or tower concentrator technology consists of a large field of mirrors, 
called heliostats, that track DNI and focus it onto a receiver mounted on the top of a tall tower 
[12]. For current power systems that use this technology, their receiver typically comprises of 
tubes carrying the heat from the DNI via a HTF to either a storage tank or the EPGS. An 
advantage of this technology is the ability to operate at higher temperatures in excess of 500°C, 
potentially up to 1000°C [12] because the system operates by focusing the incoming DNI onto 
a common point, instead of a line. This enables Central Receiver systems to convert solar 
radiation into useful work at higher temperatures, relative to LFRs and Parabolic Troughs [13]. 
Central Receivers have a higher potential than other CSP concentrator technologies as they 
have been proven to work in large scales of up to 377MWe (gross turbine capacity of the 
Ivanpah system in USA), albeit with a higher capital cost from building the tower and 
employing a control system to focus the mirrors [7, 14, 15]. However, this cost has been 
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projected to decrease in the near future when more operating experience is gained [8], with the 
technology predicted to produce the lowest cost of all CSP technologies within the next 30 
years [16]. Presently there are two commercial towers, PS10 and PS20, in Spain that use 
cavities, as part of the solar power towers. Cavities are known to have lower radiative and 
convective losses relative to conventional tower technologies and are able to operate at higher 
temperatures. A potential improvement has been identified, by mounting a separate cavity 
receiver with an aperture cover, on top of a solar tower, to further decrease radiative and 
convective losses [17-19]. However, it is worth noting that cavities have restricted acceptance 
angles and therefore cannot be coupled efficiently with surround heliostat fields unless multiple 
cavities are used on a single tower. Therefore, considering both the potential and future low 
cost of the Central Receiver system, further research into innovative technologies that utilise 
this concentrator to harness CSP is necessary. 
2.2.3 Parabolic Trough 
Similar to the LFR system, the Parabolic Trough technology consists of mirrors, heat receivers 
and support structures. However, the mirrors are shaped into a parabola, which concentrates 
DNI onto a receiver tube at the focal line of the collector. A single-tracking axis is used to 
focus the mirrors and direct them towards the incoming DNI, which is used to heat the HTF in 
the receiver system [20]. Most plants that are currently in operation use synthetic oils as its 
HTF because these fluids can operate at temperatures up to 400°C. Modern plants use molten 
salt (a combination of sodium nitrate and potassium nitrate) as their HTF because the fluid can 
operate at higher temperatures of up to 565°C. This higher operating temperature results in an 
increase in the thermodynamic performance of a power plant. Parabolic Trough is the most 
widely used CSP concentrator technology in the world with it being installed in more than 80% 
of all CSP plants in operation and under construction [2, 10, 21]. This is because of the maturity 
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of the technology, as it has been proven in large scale electricity generation systems, especially 
in Spain and USA [13].  
2.2.4 Parabolic Dish 
Dishes are of parabolic shape to efficiently focus solar radiation onto a point receiver mounted 
on the axis and at the focal point of the dish. The main advantage of dishes is that it can achieve 
the highest optical efficiency of all CSP concentrator systems. Another advantage is that the 
technology has been demonstrated to achieve concentration ratios of up to 3000 and operate at 
very high temperatures of up to 1400°C [22]. The heat concentrated by the dish system is 
usually used to generate electricity directly.  However, it is the least mature of all CSP systems 
with many of the existing systems still being in the demonstration phase [8]. One of the 
challenges faced is that the dish system may not be suitable to be used with thermal storage 
due to the dish system’s small scale and extremely high operating temperatures. The current 
market niche for this technology is typically small scale, off-grid power applications [22-25].  
2.3 Thermal Energy Storage 
Storing excess energy from CSP is necessary to address the intermittent and varying 
characteristic of solar power [26, 27]. Storing thermal energy at times when the solar energy 
harnessed is in excess of the load enables a more robust system that can provide power when 
solar power is below its useful threshold. This increases the system’s reliability to dispatch 
schedulable power and is therefore essential to any system that depends on solar energy [28]. 
There are several ways to store solar energy including thermal, electrical, chemical and 
mechanical methods. From all the available storage methods, thermal energy storage is the 
most efficient and cost effective [13]. The selection of medium for thermal energy storage 
applications is important as it directly affects the design, equipment selection, and both capital 
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and operational costs [29]. The three forms of thermal energy storage from solar energy are: 
sensible heat storage, latent heat storage and chemical storage.  
2.3.1 Sensible heat storage 
Sensible heat storage involves the addition of heat to a material to increase its temperature 
without changing its phase or chemical composition. Examples of such materials are liquids, 
e.g. molten salt, water and synthetic oils, and solids, e.g. rocks, concrete and bricks. When 
selecting the materials to be used for thermal energy storage, the following characteristics are 
required [30, 31]: 
 Low cost; 
 High thermal conductivity to enhance the transfer of heat in and out of the HTF; 
 High thermal storage density to increase the total energy stored per degree temperature 
rise; 
 Chemically and mechanically stable during charging and discharging to prevent 
reaction and dissociation; 
 Non-toxic, to reduce risk and operation cost; 
 Non-corrosive, to minimize construction material cost and maintenance. 
Heat can be stored in a range of materials at different temperatures, classified as low (<100°C), 
medium (between 100°C and 500°C) and high (>500°C). The most suitable material for storing 
solar power at low temperatures is water due to its high thermal capacity. Another advantage 
is that heat can be stored at atmospheric pressure at low temperatures. However, one of the 
limitations is the temperature range (below 100°C at atmospheric conditions), resulting in a 
large amount of material required (which will increase the cost). It is also desirable to operate 
at higher temperatures to achieve higher thermodynamic efficiencies. 
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One of the current state-of-the-art material used for sensible thermal energy storage in CSP 
systems is molten salt, which is a combination of potassium nitrate (40%) and sodium nitrate 
(60%). This is because molten salt is known to have high thermal stability when operating at 
higher temperatures of around 500°C to 600°C, but is typically presently only heated up to 
565°C in industrial applications [32, 33]. In addition, molten salt has properties that are 
comparable to water at high temperature (similar viscosity and low vapour pressure) [34]. For 
these reasons, molten salt is the HTF chosen for several CSP plants around the world [35, 36].  
Another material that is currently being considered in the CSP industry is sodium [37, 38]. This 
is because, relative to molten salt, sodium has a higher heat transfer coefficient and thermal 
conductivity. Therefore, sodium reduces the risk of hot spots (thus reducing pipe stresses) [37]. 
More importantly, the freezing temperature of sodium is much lower at ~97°C [39] compared 
with molten salt at ~220°C [32, 40]. Hence, the amount of electrical energy required to maintain 
the temperature of sodium above its freezing point is much lower, relative to molten salt. 
Additionally, sodium is able to operate, while remaining chemically stable, at higher 
temperatures of up to 800°C [41] compared with molten salt, which can only operate up to 
temperatures of approximately 565°C [42]. However, the cost of sodium is higher than molten 
salt by a factor of ~2 and it must be completely isolated from the environment [37]. Failure to 
do so will result in fire accidents as sodium is very reactive with air. Some examples are a 
sodium leakage and fire in Jemalong Solar Station [43] and a sodium fire accident at the 
Plataforma Solar de Almeria (PSA) facility [44].  
2.3.2 Latent heat storage 
Latent heat storage involves materials that undergo a change in phase, either from solid to solid, 
solid to liquid or liquid to vapour, after the addition of heat. Due to its low volumetric expansion 
rate, the solid to liquid phase change is preferable over the liquid to vapour phase change, while 
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because of its high latent heat, it is preferable over the solid-solid transition. It is advantageous 
over sensible heat storage as it potentially uses much less storage space [26]. However, the 
disadvantages relative to sensible heat storage are that there is a need for a significantly larger 
heat transfer area and higher costs [26]. In addition, this technology has not yet been 
demonstrated in large scale CSP systems. 
2.3.3 Chemical storage 
Chemical energy storage is the least developed of all the storage technologies [45], although it 
has the potential to provide high energy storage densities compared with the other two 
aforementioned technologies [46]. For chemical energy storage, the heat from the solar receiver 
is used to drive a completely reversible chemical reaction [47], with the chemical undergoing 
an endothermic reaction when being heated and an exothermic reaction when releasing energy. 
Hence, the products can be stored as chemicals at ambient temperature for a longer duration 
with lower losses relative to sensible storage. This may increase the overall system efficiency. 
The stored heat can also be released at a constant rate and potentially higher temperature than 
the stored heat, as long as this heat is removed at a rate that would prevent self-heating/cooling 
[48]. These advantages make chemical energy storage a suitable alternative to traditional 
sensible and latent heat storage applications. 
Several reactions have been proposed for chemical energy storage: redox reactions of metal 
oxides [49, 50], dissociation of ammonia [7, 51-53], decomposition of calcium hydroxide [54, 
55], and reforming of methane [56]. Despite the distinct advantages for each of these innovative 
concepts, these technologies have not been proven in large-scale CSP applications.  
2.4 Hybrid CSP-combustion plants 
It has been shown that firm supply of CSP accounting for eventualities like a period of extended 
cloud cover, thermal storage capacities of up to 10 days is required, even for sites with a good 
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solar resource [57]. Such large thermal storage capacities are deemed uneconomic with 
presently available technology [27, 58]. In fact, increasing thermal storage beyond three hours 
has been reported to increase the capital cost of a CSP plant significantly [7]. To address this 
matter, hybrids of CSP with fossil fuels technologies were proposed due to their 
complementary nature. A hybrid CSP-combustion system is defined as a system which uses a 
combination of both CSP and combustion to generate electricity [59]. There is a trade-off 
between CSP and combustion, with CSP technologies offering low net greenhouse gas and 
NOx emissions at the expense of higher cost [60] due to the intermittency of the solar resource 
[61], while the combustion of fossil fuels produces greenhouse gases and other pollutants but 
at a lower cost and higher availability [62, 63]. Moreover, it is advantageous to use CSP over 
many other renewable energy technologies because the former utilises heat as an intermediate 
energy carrier [59]. Therefore, many methods of hybridising traditional power plants with CSP 
have been proposed. These hybridization methods can be classified into three main categories: 
hybrid CSP-Rankine cycle (steam power plants), hybrid CSP-Brayton cycle (gas power plants) 
and hybrid CSP-combined cycle power plants. 
2.4.1 Hybrid CSP-Rankine cycle 
Zoscak and Wu were the pioneers in solar hybridisation of Rankine cycle (steam power) plants 
[64]. They studied several possible ways to utilise solar radiation in a fossil-fuelled steam 
powered plant such as feedwater heating, steam superheating, air preheating and water 
evaporation. They discovered that it is possible to obtain a maximum solar fraction, defined as 
the ratio of the amount of input energy contributed by a solar energy system to the total input 
energy, of 0.27 with more than one of the methods mentioned. Pai analysed the concept of 
integrating a solar concentrator field with a modern thermal power station, in particular a 
210MW coal-fired power plant, by preheating feedwater up to temperatures of 241°C [65]. The 
author found that there are significant savings in coal of around 47,000 tonnes annually. By 
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increasing the preheating temperature to up to 330°C, the level of coal savings can potentially 
be doubled. Deng proposed a hybrid solar and coal-fired steam power plant with secondary air 
preheating [66]. Using GateCycle sofware, the authors estimated solar-to-power efficiencies of 
up to 24.1%, and this value is higher than existing hybrid solar-feedwater systems. Ying and 
Hu proved that a high thermodynamic efficiency of a regenerative Rankine plant can be 
obtained by utilising low-grade solar thermal to pre-heat feedwater in a boiler [67]. Their 
analysis is based on an exergy merit index (EMI), defined as the ratio of work generated by the 
saved steam to the exergy supplied by the solar heat. With the feedwater preheating concept 
(for inlet temperatures of up to 286°C), the EMI can reach values greater than 100% while a 
solar-only power system can never reach such high EMI values. Yang et al. also demonstrated 
that medium to low temperatures from solar energy could be used in regular coal-fired plants 
to generate electricity efficiently [68]. Additionally, You and Hu investigated the optimal 
efficiency for a combined system of a regenerative-reheat Rankine power cycle and a parabolic 
trough collector which heats the HTF to a temperature of up to 390°C [69]. The authors 
concluded that the reheat-regenerative arrangement is suitable for medium-temperature solar 
thermal power generation. Eck et al. presented the scientific results from the European Direct 
Solar Steam (DISS) project in real solar conditions (for steam temperatures of around 400°C 
and a pressure of 100 bar) [70]. The authors investigated three modes of operation of a direct 
steam generation collector field, the once-through mode, the recirculation mode and the 
injection mode. They found that direct steam generation via parabolic troughs is feasible, and 
that the recirculation process is the most attactive option for commercialisation. However, it is 
worth noting that direct steam generation with CSP was proven to be uneconomical as the 
system does not allow thermal storage and faces the challenge of boiling in horizontal pipes 
[71]. Yan et al. analysed the economic benefits of using CSP to preheat the feedwater in a range 
of subcritical, critical and supercritical coal-fired power plants in temperature ranges between 
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90°C to 260°C [72]. The authors found that fuel savings of up to 20% can potentially be 
achieved, and that the benefits of hybridisation increases with the size of the power plant. Odeh 
et al developed a model of a solar electric generation system using a thermo-hydrodynamic 
model of a direct steam collector combined with a model of a traditional steam power house 
[73]. The authors used hourly radiation data from different sites across Australia (Alice Springs 
and Darwin) in their model. They confirmed the feasibility of the system in Australia. Popov 
analysed an option to utilise Linear Fresnel mirrors for feedwater heating in a fossil fuelled 
power station [74].  
The use of solar energy reduces the fuel input into the system, with solar shares reaching up to 
23% and achieving efficiencies of up to 39% for the best solar hour of the year. It is also worth 
noting that there are some hybrid CSP-Rankine cycles that are commercially available but are 
typically limited to a low solar share of less than 15% [75]. Therefore, it is necessary to identify 
innovative hybrid CSP technologies that enable higher solar shares. However, it is also 
important to consider the trade-off between overall cost of the power plant and high solar share.  
2.4.2 Hybrid CSP-Brayton cycle 
A hybrid CSP-Brayton cycle uses heat from the solar resource and the combustion of fossil 
fuel to increase the temperature of pressurised air before introducing it into the gas turbine [76]. 
Typically, CSP is first used to preheat pressurised air from the compressor. This process is 
completed within a pressurised solar receiver, and the heated air is then passed into an after-
burner (a combustion chamber). The after-burner provides heat to compensate for the periods 
where the solar resource is below its useful threshold [77]. In these hybrid CSP-gas turbine 
systems, the solar share increases with temperature of the pressurised air from the solar 
receiver. It was previously found that this type of system at large scales of 16MW manages to 
achieve a 16% annual solar share with an operating temperature of 800°C [78]. This value of 
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solar share will increase with operating temperature (if solar energy provides the heat required). 
Hence, the solar receiver is a key component of the hybrid system. 
Several configurations of solar receivers for pressurised air have been proposed based on either 
direct or indirect heating. The direct heating method involves the heat from the absorber to be 
transferred to the pressurised gas directly, via a transparent window. This method enables the 
air to be heated to temperatures of up to 1300°C [79, 80] due to its high heat transfer rate [81]. 
However, the transparent window is vulnerable to high pressure and this vulnerability increases 
as the size of the window increases. It was also shown that the construction of the window 
requires special materials that can withstand high temperature fluctuations and stress, and this 
can subsequently increase cost [80, 82, 83]. For the indirect heating method, the window is 
replaced with a heat transfer medium. However, the heat transfer rate for this method is limited 
by the thermal conductivity of the selected medium. A 3kW high-temperature indirect 
pressurised air solar receiver that can achieve a thermal efficiency of 36% when operating at a 
pressure of 5 bars and temperature of around 1062°C was recently developed by Hischier et al 
[81]. The authors predicted that the thermal efficiency of the receiver will increase with 
temperature and scale, and reach up to 90% for a 200kW device. However, this concept has 
not yet been demonstrated commercially.  
Furthermore, there has been limited research on methods to provide a constant heat source to 
a solar receiver in industrial applications, to address the issue of intermittency of solar power. 
A separate combustion system is usually used to provide heat during periods of low solar 
irradiance. It was previously shown that there is potential to lower the cost of CSP systems by 
combining the solar receiver with another heating source, such as combustion, into the same 




2.4.3 Hybrid CSP-combined cycle 
Typically, in a hybrid CSP-combined cycle system, the heat from CSP is used to either heat 
pressurised gas in the gas turbine, or a heat source to the bottoming Rankine cycle. Oda and 
Hashem studied the use of the heat from CSP for feedwater preheating with a Rankine cycle, 
and an air heater solar receiver for a gas turbine [85]. They found that the cycles were limited 
to a 30% thermal efficiency. Price et al. studied a 30MWe hybrid combined cycle power plant 
which uses heat from CSP that is transferred to a nitrate-salt as a HTF in a solar tower system 
[86]. This system also employs the use of a salt/air heat exchanger to heat pressurised air when 
the solar resource is above its useful threshold, with the system achieving a peak solar share of 
27%. Allani, Favrat and Von proposed a hybrid combined cycle consisting of a solar field and 
a Rankine cycle plant that would also enable a higher thermodynamic efficiency as well as high 
CO2 mitigation albeit higher cost of implementation [87]. Kribus et al. [88] performed an 
analysis on a solar-driven combined cycle plant consisting of both Rankine and Brayton cycles. 
They found that there is potential for a high performance coupled with low installation cost 
[88]. The results from their analysis show that for a large-scale combined cycle plant of 34MW, 
a solar capacity factor of 0.242 is achievable with a turbine inlet temperature of 1200°C. The 
calculated Levelised Cost of Electricity (LCOE) for this system was $0.067-0.078/kWh, 25% 
lower than that of the other conventional systems. In addition, Segal and Epstein studied a 
method to maximize the overall efficiency of three components in a hybrid CSP system, i.e. 
heliostat field and tower, the solar receiver and the power block [89]. They found that the 
efficiency of the system increases from ~35% to ~55% with an increase of temperature from 
~730°C to ~1730°C. Additionally, Dunham and Lipinski studied the theoretical efficiency of 
both a single Brayton and a combined Brayton-Rankine power cycle to be used in a distributed-
scale solar thermal power system and it was found that for applications that require low power, 
Brayton-Rankine systems performed better [90]. Li and Yang proposed an integrated solar 
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combined cycle with direct steam generation with two-stage solar input, increasing the solar 
share to 27% of the total power output and achieving a maximum thermal efficiency of 53% 
[91]. Although there have been many hybrid CSP-combined systems proposed, effort in the 
CSP community has now shifted away from combined cycles in recent times because of the 
high capital cost and poor suitability to intermittent operation.  
In short, although there are numerous hybrid CSP-combustion technologies that are currently 
either under research and development stage or commercially deployed, there is still a need to 
identify cost reductions options while achieving a high solar share. Such cost reduction options 
may include combining different methods of hybridisation, or sharing infrastructure used for 
solar and combustion heating processes.    
2.5 Challenges with current state-of-the-art CSP and hybrid CSP plants 
Although both CSP and hybrid CSP plants have been in operation for many years, there are 
still numerous challenges associated with their operation. These challenges are classified into 
three different sections, namely; operational, financial and emissions from backup combustion 
systems. 
2.5.1 Operational  
Two major operational problems associated with CSP plants are high parasitic losses, and high 
fuel consumption from the backup combustion systems. Since one the current state-of-the-art 
HTF used in most plants is molten salt, due to reasons identified in Section 2.3.1, it is important 
to maintain the temperature of the salt above its freezing point of ~240°C [12, 16, 92]. This is 
usually done with an electrical trace heating system, which brings significant challenges [93-
96]. Firstly, this system can consume a significant fraction of the total power produced if not 
properly managed [94]. This is further highlighted when non-uniform heating of the pipes 
during installation of the Solar Two project led to a five-month delay and resulted in 
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unnecessary expenditure due to the need to reinstall the entire electrical trace heating system 
[16]. Hence, there is a need to reduce these losses to derive further economic benefit from both 
CSP and hybrid CSP systems. 
Another limitation with current hybrid CSP systems is the losses due to the start-up and 
shutdown of a conventional backup boiler. For a conventional hybrid CSP system with a 
backup boiler, it is necessary to operate the boiler in “stand-by” mode for periods. To do this, 
the boiler needs to be maintained at a sufficiently high temperature to allow it to be brought 
online either during periods of low solar insolation, or when power from the thermal storage 
medium is unavailable. This results in additional fuel consumption due to start-up and shut-
down losses during transitions between solar-only and combustion-only modes of operation. 
Additionally, a conventional boiler is limited by its minimum capacity in which it needs to 
operate, with a turndown ratio of maximum to minimum throughput being between 3 to 4 [97]. 
Moreover, the boiler’s operation is limited by the maximum admissible thermal stress for the 
walls of its components and any violations of these limits can potentially reduce the life-time 
of each component [98]. These limitations associated with the use of a conventional boiler as 
a backup to a CSP plant result in the need for an alternative method of hybridisation of a CSP 
system. 
2.5.2 Financial  
The high capital cost of CSP systems is a significant barrier to their penetration in the current 
renewable energy market [8]. Wustenhagen and Menichetti previously demonstrated that the 
financial risk to investors increase with the capital cost of a renewable energy system [60]. 
Additionally, subsidies introduced by the government, such as renewable energy certificates, 
and/or carbon taxes fail to fully mitigate long term financial risks because they are vulnerable 
to changes in government policy [99]. To a certain extent, hybrid CSP-fossil fuel systems 
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reduce these risks due to the lower cost of fossil fuels relative to CSP, but further approaches 
to lower the overall capital cost of these systems are required. 
A concept recently proposed to lower the capital cost of hybrid CSP systems is the 
modularisation of selected components in a power plant [19]. This concept is driven by the 
potential to lower the cost of the modularised components by mass production at a smaller 
scale. Other advantages are claimed with the use of lower-cost materials [18] which offer the 
potential to reduce the system’s overall LCOE. Furthermore, modular systems allow cash-flow 
to be generated in stages because the power plant can be constructed in stages [100]. 
Nonetheless, these potential advantages must be compared with the disadvantages of 
employing modular systems, i.e. higher operation and maintenance costs and increased thermal 
and parasitic losses (due to a higher surface area to volume ratio). To the knowledge of the 
author, both the economic benefit and the trade-off between the advantages and disadvantages 
of the concept of modularisation are yet to be assessed.   
2.5.3 Pollutant emissions from backup combustion systems 
To provide a continuous supply of electricity, CSP plants are often coupled with a backup 
fossil-fuelled combustion system. The disadvantage of these systems is the generation of a 
significant amount of greenhouse gas and NOx emissions from the combustion of fossil fuels 
[101, 102]. This is because most of the large scale systems use fossil fuel combustion processes 
which are known to produce pollutants such as SOx, NOx and particulates [103]. It was 
previously found that the key parameters influencing the volume of these emissions are the 
flame temperature, residence time of hot gases in the flame and the total oxygen concentration 
in the flame [103]. It is important to note that these parameters are both interdependent and 
plant specific. Several research groups have been developing technologies to lower combustion 
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pollutant emissions by controlling these parameters [102-105]. Such technologies include oxy-
fuel combustion and Moderate Intense Low-oxygen Dilution (MILD) combustion. 
Oxy-fuel combustion involves combining high concentrations of oxygen (usually of greater 
than 95% purity) and recycled flue gas during the combustion of fuel [105]. The recycled flue 
gas is used to control the flame temperature in the boiler and compensates for the missing N2 
that usually carries the heat through the boiler. Oxy-fuel combustion typically uses coal, 
although other fuels have also been considered. The temperature of the flame is usually higher 
than that of conventional combustion due to the lack of N2 dilution [105]. Another low emission 
technology that has been proposed is Moderate or Intense Low-oxygen Dilution (MILD) 
combustion, a rapidly developing technology, based on the principles of heat and flue gas 
recirculation [104, 106-108]. MILD combustion involves exhaust gas and heat recirculation at 
above auto-ignition temperature which results in a volumetric reaction at moderate 
temperatures. This combustion technology operates with a range of different fuels, usually 
producing a lower temperature flame relative to conventional combustion due to the dilution 
of the combustion air [101]. Research has shown that the net radiation flux from such 
combustion mode is higher than conventional combustion despite the lower maximum 
temperature of the gases inside the boiler or furnace. It has also been shown that both oxy-fuel 
and MILD combustion offers many significant potential benefits over conventional combustion 
[104, 109].  These advantages include ultra-low pollutant emissions with a reduction in NOx 
emissions of up to 70% relative to conventional combustion and high thermal efficiency. MILD 
combustion also offers an increased thermal field uniformity and enhanced combustion 
stability. Compared with oxy-fuel combustion, the MILD combustion technology does not 
require an extra air separation unit or the use of a pure oxygen stream, which will increase the 
overall cost of the system [110]. Therefore, to reap further benefits from using renewable 
energy, in particular, low carbon and NOx emissions, while providing a firm supply of 
31 
 
electricity, it is necessary to integrate low emissions technologies, e.g. MILD combustion, into 
hybrid CSP-combustion systems.  
2.6 Hybrid Solar Receiver Combustor 
The concept of a Hybrid Solar Receiver Combustor (HSRC), where a solar cavity receiver and 
a combustor are integrated into a single tubular device, was proposed by Nathan et al [17, 111]. 
This concept seeks to combine the infrastructure used to collect the heat from both solar 
radiation and combustion. This is because the heat of combustion is best collected in a single, 
central device, both to capitalize on economies of scale and to minimize heat losses [17]. Kolb 
has previously identified the economic benefit of sharing infrastructure, i.e. the condenser and 
turbine, in a power plant [112]. He showed that the cost of the solar component of energy can 
potentially be reduced by up to 50% compared with standalone plants by combining the 
infrastructure. In addition, Mehos et al. proposed a hybrid device where a combustor is 
mounted behind a receiver cavity with separate chambers for each component [84]. However, 
this device has separate chambers for the solar receiver and the combustor. Hence, to the 
knowledge of the author, the only device that fully integrates a combustor into a solar receiver 
is the HSRC.  
The HSRC concept is novel and is based on a device that operates as a CSP receiver with a 
combustor that shares the same heat exchange surface. Sharing the same heat exchange surface 
enables lower heat convection and thermal radiation losses throughout the entire device. This 
increases the thermal efficiency of the device. In addition, the device also takes advantage of 
economy of scale, especially when mounted on a solar power tower [17]. At times where solar 
power is unavailable or below its useful threshold, the combustor will be used to supply heat 
to the same chamber as that of the solar receiver. This is advantageous because for a 
conventional solar power tower system, a minimum threshold of intensity is required to heat 
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the HTF to a high enough temperature before the heat from the fluid can be utilised. The 
combustor will provide the heat required to raise the temperature of the HTF to its operating 
temperature. The HSRC is proposed to operate in three modes, namely, Solar-Only, 
Combustion-Only and Mixed-mode where both CSP and combustion are introduced 
simultaneously into the device. 
An evaluation has previously been performed to determine the economic benefits of 
implementing the device as part of an electricity generating system. Previous results suggest 
that the HSRC offers potential advantages over other equivalent configurations of proposed 
hybrid systems and stand-alone solar power towers [17]. The advantages, relative to other 
hybrid systems, include a potential decrease of 24% in the overall Levelised Cost of Electricity 
(LCOE) and a reduction of the overall capital cost by 51% compared with its equivalent hybrid 
for a system size of 100MWe. However, all the calculations assumed that the HSRC is capable 
of achieving similar combustion efficiency as a regular gas boiler for two times the capital cost 
of a solar receiver. Additionally, the analysis also assumed, both, the annual capacity factor 
and the start-up and shut-down times of the HSRC. Further, the previous estimates were based 
only on average performance and did not account for the dynamic variability of the solar 
resource. A more detailed analysis is therefore required, to calculate these parameters, i.e. 
efficiency, capacity factor, and start-up and shut-down times of the HSRC. As the previous 
model did not account for variability in solar radiation flux, it is necessary to develop a more 
accurate model to utilise historical time-series of the solar resource. Moreover, no detailed 
design procedure is available that calculates dimensions or cost as a function of design 
specification.  
The current configuration of the HSRC employs the use of a conventional flame in both 
Combustion-Only mode and Mixed-mode of operation [111]. This method of combustion is 
currently state-of-the-art and is used in most combustion technologies. However, the use of a 
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conventional flame generally produces high CO2 and NOx emissions, which are the leading 
causes of global warming and ozone layer destruction, respectively [113]. Therefore, research 
into approaches to lower these emissions have been the focus in recent times [106-108, 113]. 
A potential approach to address this limitation for the case of the HSRC is to integrate MILD 
combustion into the device because of the reasons described in Section 2.5.3. MILD 
combustion is also more suited to the HSRC relative to other low NOx combustion technologies 
(such as oxy-fuel combustion) because it operates with a lower temperature that will not limit 
the type of HTF utilised in the device (some HTFs will decompose at high temperatures). Also, 
operating in the MILD combustion regime does not require the use of additional components 
such as an air separation unit, required for oxy-combustion. MILD combustion also typically 
operates with a gaseous fuel, which is desirable as the fuel needs to be pumped up a tall tower 
(operating with a liquid or solid fuel will no doubt increase the associated parasitic pumping 
losses). Therefore, there is a need to identify configurations of the HSRC to meet the 
parameters required to achieve the MILD combustion regime. The economic trade-off between 
this new configuration and the original concept, in addition to other hybrid CSP-combustion 
systems also requires significant consideration. 
2.7 Levelized Cost of Electricity 
The Levelized Cost of Electricity (LCOE) is typically used to estimate the cost of electricity 
generation from an electrical power generating system [7]. The LCOE of a system considers 
the capital cost of the plant and ongoing costs such as Operation and Maintenance (O&M), 
fuel, decommissioning and carbon emissions [114]. It also accounts for financial parameters 
e.g. Internal Rate of Return or Discount factors. The value of LCOE for a power plant is usually 
expressed in terms of $/MWh [27]. Noteworthy, is that there are many methods to obtain the 
inputs required to calculate the LCOE of a power generating system. These inputs also typically 
vary with different conditions such as location, climate, fuel cost etc. [17]. Therefore, when 
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performing a comparison between different types of technologies, it is necessary to use 
consistent cost correlations and financial parameters. To estimate the benefits of the integration 
of a solar cavity receiver and a gas boiler (HSRC technology) requires the LCOE of the system 
to be calculated relative to an equivalent system using consistent inputs to avoid the challenge 
of obtaining absolute values for a particular location. 
2.8 Summary of literature review and gaps 
To summarize, there is a need to identify methods to lower the capital cost and increase the 
solar share of CSP/hybrid-CSP systems, in particular, those employing Central Receiver 
systems to harness solar energy. One of the potential methods to improve the efficiency of 
Central Receiver systems is to employ the use of cavity receivers that are mounted on top of 
the towers, which needs to be assessed further. In addition, despite an increasing number of 
research projects on hybrid CSP-combustion technologies, there has been little focus on the 
benefits of sharing the same infrastructure for CSP and combustion processes. The HSRC has 
been shown to offer many potential advantages over its equivalent standalone system, but 
assumptions from previous studies need to be justified to improve the overall accuracy of the 
analysis. Therefore, this project aims to reduce the uncertainties of the previous assumptions, 
and to further the development of the HSRC technology by also incorporating MILD 
combustion technology into the device. In addition, the project also aims to identify and assess 
other cost-effective approaches to hybridization of CSP systems, such as the concept of 
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The growth of the renewable energy sector has continued
world-wide, driven by policies that seek to mitigate climate
change, reduce air pollution, and access the growing market in this
field, together with recognition of the finite reserves of fossil fuels.
Among all renewable energy sources, solar energy is receiving
particular attention because it is both clean and abundant [1].
Concentrating solar thermal, CSP, energy, currently has a lower
penetration than solar photovoltaic, PV, but is undergoing rapid
recent growth in the number and size of power plants being built
worldwide [2]. However, in common with wind and solar PV, a key
barrier to the ongoing growth in the penetration of CSP is the
challenge associated with managing the intermittent and variable
nature of the resource, which adds to the cost. One opportunity to
mitigate this challenge is through the use of hybrid systems that
combine fossil and renewable energy sources into one plant. The
ready availability and stored chemical energy in fossil fuels espe-
cially, and biomass to a lesser extent, means that hybrid systemsare expected to make an important contribution to the ongoing
penetration of renewable energy [3]. In this regard, CSP is particu-
larly well suited to hybridisation with combustion plants because
the thermal nature of both types of technology makes them syner-
gistic. However, nearly all previous reports of hybrid concepts
between CSP and combustion employ standalone solar receivers
and combustors, which are designed to run in a series or parallel,
rather than to be directly integrated. To the best knowledge of
the authors, while a few concepts of integrated systems have been
proposed [4], none of these directly integrate a tubular solar recei-
ver and a combustor. Furthermore none of them report any analy-
sis of the effect of such integration on performance. Hence the
overall aim of this assessment is to present and analyse the
performance of a novel concept of hybrid between a solar receiver
and a combustor that seeks to harness the energy from both
sources in a single device.
The device used to harness the concentrated solar radiation is
called a solar receiver. Of the wide range of solar receivers that
have been developed, the vast majority heat the medium indirectly
through tubes. These tubular receivers can be used to heat either
the working fluid (e.g. steam), or a heat transfer fluid, HTF, which
can also provide thermal storage, such as a molten salt. Tubular
Nomenclature
(GS1)R total exchange area between combustion gases and
receiver tubes (m2)
_V volumetric flow rate (m3/s)
A area (m2)
C heat capacity rate (W/K)
cp specific heat capacity (J/kg K)
Cs cold surface fraction
Dc diameter of cavity (m)
f friction factor
h heat transfer coefficient (W/m2 K)
Lc length of cavity (m)
_m mass flow rate (kg/s)
OD outer diameter (m)
P pressure (Pa)
Pr Prandtl number
_Q heat transfer rate (W)
Re Reynolds number
T temperature (C)
U overall heat transfer coefficient (W/m2 K)
u specific internal energy (kJ/kg)
um mean velocity (m/s)







CPC compound parabolic concentrator
CSR concentrated solar radiation
CSP concentrating solar power
EPGS electricity power generating system
HSRC Hybrid Solar Receiver Combustor
HTF heat transfer fluid
HX heat exchanger
HXT heat exchanger tube
LCE levelized cost of electricity
LHV lower heating value
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heat-transfer receivers, such as the particle vortex reactor of
Z’Graggen et al. [5]. Other devices include volumetric receivers,
typically used to heat air for a Brayton cycle, although these suffer
the disadvantage of requiring a window if the air is to be
pressurised before heating [5]. The advantages of mechanical
robustness and relative ease of sealing typically outweigh the dis-
advantage of a lower exergetic efficiency and a lower maximum
operating temperature, which is limited by the temperature of
the tubes [6,7], under current conditions. In addition, while tubular
receivers are most commonly employed for Rankine cycles at
present, they are also applicable to other power cycles, such as
supercritical CO2 and to high temperature reactors [6,8]. Hence,
there is an ongoing need to continue to develop tubular receivers.
There are many drivers to hybridise solar energy with combus-
tion technologies. The current cost of implementing a solar-only
system would require an unreasonably large amount of storage
to meet 100% of electricity demand at any site [9]. This is, in part,
because although thermal storage is currently among the lowest
cost of energy storage technology, it nevertheless remains expen-
sive with a current price of US$90/kW hth, although this price is
expected to decrease to US$22/kW hth by 2020 [10]. In contrast,
the current price of fossil fuelled electricity is presently signifi-
cantly lower than that of grid-connected solar only power plants
(presently US$0.06/kW h in USA from natural gas compared with
a projected cost of US$0.14/kW h for solar power towers [11]). To
address this issue, Kolb identified certain configurations of CSP
hybrids, with Rankine cycle boilers that are economically benefi-
cial [12]. Ying and Hu proved that a highly thermodynamically effi-
cient way to utilise low-grade solar thermal heat is to pre-heat
feedwater in a regenerative Rankine cycle boiler [13]. Yang et al.
[14] also demonstrated that medium to low temperatures fromsolar energy could be used in regular coal-fired plants to generate
electricity efficiently. Similarly, Zoschak and Wu found that an
instantaneous fraction defined as the ratio of the solar energy input
to the total input energy, of 0.27 could be achieved in a fossil
fuelled steam powered plant through feedwater heating, steam
superheating, air preheating and/or water evaporation [15]. How-
ever, the intermittent nature of the resource means that the aver-
age solar fraction is typically around 0.05. A range of investigations
have found that the use of CSP to heat the feedwater of a Rankine
cycle with a combined cycle can lower costs of CO2 mitigation rel-
ative to stand-alone CSP [16,17]. However, of all these processes
that employ solar tubular receivers and combustion boilers, none
of them report any assessment of the potential benefits of directly
integrating the solar receiver with a combustor.
CSP is particularly well suited to hybridisation with combustion
technology, since both employ thermal power systems. CSP is
receiving growing interest due to its potential to achieve energy
storage at a relatively low cost and high efficiency [18]. Solar
Power Towers are particularly well suited because their high con-
centration ratio allows them to achieve higher temperatures than
parabolic troughs [9], while their larger scale compared to dishes
leads to lower surface-area to volume ratio, and hence lower heat
losses. Towers are also considered to have greater long-term
potential owing to their higher efficiency than troughs [9] and
greater potential to achieve economy of scale [18]. Hence, it is
highly desirable to develop hybrids with the tower system.
Nathan et al. [19] first proposed the concept of directly
integrating the functions of both a solar-receiver and a combustor
into a Solar Power Tower system, or on the ground surrounded by a
heliostat field with a beam-down configuration. The integration of
a solar cavity receiver and a combustor is known to yield the
following benefits [19]:
300 J.H. Lim et al. / Applied Energy 162 (2016) 298–307 Eliminating the boiler as a separate component, reducing the
total heat-exchange area and heat losses. This also reduces
the capital cost.
 The Hybrid Solar Receiver Combustor, HSRC, reduces energy
losses as it avoids start-up and shut-down if a small thermal
storage unit is used.
 The device also allows for more Concentration Solar Radiation,
CSR, to be harvested near the lower flux limits of solar day. This
is because for a regular solar cavity receiver, the minimum
threshold of intensity to harvest CSR is set by the need to heat
the tubes to its operating temperature while for the HSRC, the
CSR is only required to supplement the heat from the flame,
which means that a positive input can be obtained for lower
solar heat fluxes.
The authors reported a first order techno-economic analysis
that identified that the overall capital cost of an electricity genera-
tion plant can be reduced by 51% and its solar component by 12%
compared with stand-alone counterpart on the assumption that
the cost of the hybrid receiver–combustor was double that of the
solar only receiver. They also found that the implementation of
the device would reduce the overall LCE by 24% and its solar com-
ponent by 11% under the same assumption. This analysis further
assumed that the performance of both the solar receiver and of
the combustor within the hybrid device to be comparable with that
of the stand-alone counter-parts and that the cost of the combined
unit is twice that of the stand-alone solar receiver. However, to
date no detailed concept or analysis of the device which demon-
strates that this performance can be achieved has been presented.
For the reasons described above, the aims of the present inves-
tigation are as follows:
 To present a novel configuration of hybrid device that integrates
the functions of a tubular solar receiver and a combustor, the
HSRC.
 To develop an analytical model of the HSRC.
 To identify suitable configurations for which the performance of
the hybrid device in the Solar-Only and Combustion-Only
modes can be equivalent to the stand-alone alternatives i.e. a
regular solar cavity receiver using molten salt, and a
conventional steam boiler.
 To assess the sensitivity of the performance of the HSRC to
variation in both key dimensionless ratios including the length
to diameter ratio of the cavity (Lc/Dc) and size of the HXT and
connector tubes (CT) used, together with the effect of scale.
 To estimate the total weight of the device and compare this
with that of the stand-alone concept counterpart to provide a
guide for economic savings that can be made through the HSRC
concept.
2. Hybrid Solar Receiver Combustor concept
The novel HSRC device proposed by Nathan et al. [20] is shown
in Figs. 1 and 2. It comprises a cavity solar tubular receiver that is
also designed with an integrated combustion system. The concen-
trated solar radiation (CSR) enters through the aperture, which can
be fitted with a compound parabolic concentrator (CPC) to lower
radiant losses. The heat is captured with a thermal fluid in the
receiver tubes (RT), which can be used for any thermal process
but is analysed here in an electricity power generation system.
To compensate for those times when the solar flux is below the
minimum useful threshold, the aperture can be shut to allow
the device to operate as a combustor. The use of a fuel allows the
device to be kept running at all times if desired, avoiding the
start-up and shut-down losses suffered by conventional solar ther-
mal power systems. It can also be run in combination with thermalstorage to increase solar share [20]. Furthermore, the fuel can be
used to supplement the solar flux during periods of moderate solar
flux, in which case the shutter remains open. The HSRC can thus be
operated in 3 alternative modes: Solar-Only, Combustion-Only and
a Mixed-Mode in which both solar and combustion are used
together [21,22].
To recover the sensible heat from the combustion products, a
heat exchanger (HX) system is incorporated into the device. The
hot combustion products pass through the heat exchanger tubes
(HXT) and are cooled with cold ambient air in the Combustion-
Only and mixed modes. The preheated air is then fed to the com-
bustion process. The cooled combustion products are then blown
across the aperture to form a curtain that minimises the convective
losses through the aperture. Alternatively, the jet can be used to
provide flue gas recirculation for NOx control.3. Analytical model
An analytical model, which can be run in a pseudo steady state
mode, is used to calculate the heat transfer, mass flow rates and
energy into and out from each component of the system. Each term
is described with a mathematical equation with a mass and energy
balance calculated both in the Solar-Only and Combustion-Only
modes of operation.
Fig. 3 shows the flow of energy through the HSRC in the Solar-
Only mode of operation. An energy flux of concentrated solar radi-
ation, _Qsolar;in, from the heliostat field is introduced into the device
through the aperture, with the shutter open. The solar radiation is
then used to heat the cavity of the HSRC lined with receiver tubes,
RT, filled with a HTF. In the present analysis we consider this to be
molten salt although an alternative HTF or the working fluid could
be employed. The useful heat, _Quseful, from the heat transfer fluid is
then transferred to the electrical power generating system (EPGS).
The main losses from the system are the radiative and convective
losses from the opening of the aperture, _Qap;loss, and the nozzle
opening which is used for the introduction of fuel and air into
the device and significantly smaller in diameter relative to the
aperture, _Qnoz;loss, together with the wall losses, _Qwall;loss. Pumps
are also required for the operation of device, whose energy con-
sumption is classified as a parasitic loss ( _Wpump). The net electricity
power supplied, _Welec;net , will depend on the type of power cycle
used. In both systems, the EPGS is assumed to be the same,
avoiding the need to model this directly.
In the Combustion-Only mode of operation, the heat input from
the fuel, _Qfuel;in, heats the RT with the aperture shutter closed to
avoid unnecessary losses as can be seen from Fig. 4. The combus-
tion products are then passed through a heat exchanger (HX),
which recovers a fraction of the sensible exhaust heat, _Qhotgas;out ,
by preheating the combustion air, termed, _Qsecair;in, by an amount
that depends on the effectiveness of the HX. In the Solar-Only
mode, there is no flow through the HX. However, with the shutter
open, the main losses from the system are the radiant opening
losses through the aperture, together with some additional losses
through the burner nozzle, _Qnoz;loss. The wall losses, _Qwall;loss, are pre-
sent for all modes, while the sensible heat in the exhaust, _Qexhaust ,
and the parasitic losses required to operate the pumps and fans,
_Wpump and _Wfanðforced draft&induced draftÞ, are present in the combustion
mode. In all cases, the heat from the heat transfer fluid is trans-
ferred to the Electrical Power Generating System, EPGS to produce
electricity, _Welec;net . Given the high efficiency of modern generators,
the generator losses are ignored in this analysis. In addition, the
model does not calculate the conversion of heat to electrical power
partly because the final efficiency step will vary from case to case
Connector tubes
Flue gas tubes
Hot Combustion ProductsExhaust Curtain Generator
Counter-flow Heat Exchanger
Co-flow Heat Exchanger
Fig. 1. Schematic diagram of the conceptual design of the Hybrid Solar Receiver Combustor, HSRC [19].
Fig. 2. End view of HSRC [19].
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hybrid that are being compared.4. Methodology
4.1. Solar-Only
MATLAB was used as a tool to develop the analytical model that
calculates the performance of the HSRC. The model is based on the






Here _Quseful is the rate of energy transferred to the HTF:
_Quseful ¼ _QHTF ¼ hRT to HTFARTðTRT  THTFÞ
¼ _mHTFcp;HTFðTHTF;out  THTF;inÞ: ð2Þ
Fig. 3. Energy balance for the HSRC system in the Solar-Only mode with boundary
of the modelled system.
302 J.H. Lim et al. / Applied Energy 162 (2016) 298–307where hRT to HTF is the heat transfer coefficient between the RT and
HTF, noting that the fluid flow is assumed to be fully developed
and turbulent [24]. This is confirmed by calculations which found
that the Reynolds number is in the range 4000 for all cases of
length to diameter of the cavity ratio (Lc/Dc) and an entry length
95 for an Lc/Dc ratio of 2. Here, the HTF is assumed to be a molten
salt because the properties of the fluid are known and because these
fluids are arguably the state-of-the-art in commercial solar thermal
systems worldwide [25]. In addition, the heat storage capacity of
molten salt is higher than that of air and water, which makes it
more suitable for storage. Furthermore, the pressure drop associ-
ated with the fluid was calculated independently and found to be
much lower than air and water, which means that the pumping
power requirement is lower than the fan power. Following Hoff-
schmidt et al. [2], the inlet and outlet temperatures of the molten
salt at either end of the RT are taken to be 290 C and 565 C,
respectively. The average of these temperatures is used to calculate
the heat transfer from the RT to the HTF. The mass flow rate of the
HTF, _mHTF , is also adjusted to maintain the difference between the
outlet and inlet temperatures of the HTF.
_Qsolar;in is the total amount of incoming solar radiation into the
device. This includes the useful energy and the sum of the energy
losses associated with the device.
In the analytical model, the HSRC is assumed to have an absorp-
tivity of unity, given that it is a cavity receiver and so approaches a
black body. The value of _Qsolar;in matches the sum of the useful heat
and the losses through an energy balance, (the power requirement
from the fans and pumps, _Wfanþpump, is calculated separately as
explained in Section 4.3) as follows:
_Qsolar;in ¼ _Quseful þ _Qnoz;loss þ _Qwall;loss þ _Qap;loss: ð3Þ
Heat transfer is calculated by assuming isothermal wall condi-
tions for each type of surface so that all emissivities are constant
(gray surface) [26]. It is important to note that although the heatFig. 4. Energy balance for the HSRC system in the Combustion-Only mode with
boundary of the modelled system.flux distribution in the cavity is not uniform, the temperature of
the tubes is influenced most strongly by the temperature of the
HTF (i.e. molten salt) within them. In addition, it is not possible
to calculate the actual distribution without detailed design of a
solar field, a receiver and a power cycle, none of which are yet
available. For the present analysis the tubes are assumed to be ori-
ented axially, with the cold fluid inlet closest to the aperture,
although other configurations are possible. This configuration min-
imises the risk of damage to the tubes and also minimises radiation
losses because the coldest end of the tubes is closest to the aper-
ture. On this basis, the present assumption of isothermal walls is
reasonable for the present comparative analysis of the device in
the Solar-Only mode. The same approach has been used by Wu
et al. [27] and Xiao et al. [28] which justifies this assumption.
The radiative and convective losses through the nozzle and aper-
ture openings are calculated by the following equations [29]:
_Qnoz;loss ¼ _Qrad;noz þ _Qconv;noz; ð4Þ
where
_Qrad;noz ¼ eeffrAnozðT4RT  T41Þ; ð5Þ







and _Qconv;noz ¼ 0:1 _Qrad;noz; ð7Þ
The convective losses through the nozzle are estimated to be
10% of the radiative losses as it is difficult to accurately estimate
these losses due to external factors such as wind speed and opti-
mum cavity position (such as the tilt angle). This percentage is
deemed a reasonable assumption based on the studies performed
by Jilte et al. and Leibfried and Ortjohann [29,30]. A similar
approach is used to calculate _Qap;loss where the size of the area of
the nozzle is replaced with the size of the aperture. The wall losses
throughout the device are estimated as follows [31]:
_Qwall;loss ¼ UwallAwall Twall;in  T1
 
; ð8Þ
where Uwall is the overall heat transfer coefficient across the shell of
the HSRC, and depends on the wall thickness of the device. The wall
is further assumed to be made of 3 layers, a refractory layer, an
insulation layer and a steel casing to minimize wall heat losses.
Twall;in is the temperature of the inner side of the cavity, conserva-
tively assumed to be similar to that of the receiver tubes although
in reality this would be lower as the tubes will block some of the
radiation from solar and/or combustion.
4.2. Combustion-Only
For the Combustion-Only mode of operation, the combustion is
assumed to be complete and the reactor is treated based on the
presumption that it operates with sufficient momentum in the
air and fuel stream to create a well-stirred furnace chamber similar
to the model by Hottel [32,33]. On this basis, the thermal efficiency
of the device is defined as the rate of energy absorbed by the HTF





The flame radiation from the combustion of the fuel is treated
as an isothermal cylinder of gases so that flame and the combus-
tion products are assigned a single temperature [34].
For this mode of operation, the useful power, _Quseful (which is set
to 30 MWth) from the flame to the HTF is adapted to be [26]:




where the term ðGS1ÞR is defined as the total exchange area between
the gas and tubes in radiative equilibrium (equal incoming and out-











Natural gas is used as the fuel due to its ease of utilization and
availability [31]. The pressure inside the HSRC during Combustion-
Only mode is close to atmospheric pressure [20]. egas, the gas emis-
sivity, is estimated to be 0.3 (for a low emissivity flame) based on
the Carbon to Hydrogen ratio of natural gas, typically in the region
of 4, following Jenkins and Mullinger [26] and Cs is the cold
surface fraction, where
Cs ¼ ARTAint HSRC : ð12Þ
ART and Aint HSRC are the total area of the receiver tubes and the
internal surface of the HSRC, respectively.
The rate of energy supplied by the fuel is calculated using an
energy balance (the power requirement from the fans and pumps,
_Wfanþpump, is calculated separately as explained in Section 4.3):
_Qfuel;in ¼ _Qwall;loss þ _Qnoz;loss þ _Qexhaust þ _Quseful  _Qcoldair;in; ð13Þ
where _Qwall;loss and _Qnoz;loss are found using the same approach as
Section 4.1 while _Qexhaust and _Qcoldair;in are defined below. The
thermal input from the fuel is defined as
_Qfuel;in ¼ _mfuel  LHVfuel: ð14Þ
The mass flow rate of fuel, _mfuel, using Eq. (13), is found using an
iterative process that solves for _Qfuel;in, to achieve an energy balance
for (12). In this way, the heat transfer to the tubes increases with
the flame temperature, and hence also with temperature of the
secondary air. The pump power requirement for the fuel is
assumed to be negligible. The energy losses from the system are
shown in Fig. 4 and consist of the nozzle opening losses, wall losses
(both found using a similar approach to Section 4.1) and exhaust
gases:
_Qexhaust ¼ _mexhaustcp;exhaust Texhaust  T1ð Þ: ð15Þ
The value of Texhaust can be found by performing an analysis of
the HX in the HSRC. The approach used is the effectiveness-NTU
method adapted from Bergman et al. [35]. Based on Fig. 1, the
HX consists of 2 parts, i.e. a co-flow configuration and a counter-
flow section. The co-flow to counter-flow ratio can be varied to
determine the optimum configuration. The co-flow section
provides strong cooling to the hottest part of the HX tubes where
hot flue gases enter the HX, while the counter-flow section pro-
vides a high efficiency heat exchange for the lower temperature
end of the exhaust gas stream [20]. Based on this, the model
assumes a co-flow to counter-flow ratio of 5.67:1 to achieve a high
HX effectiveness.
The initial internal energy transferred from the cold air into the
device is defined by [36]:
_Qcold air;in ¼ _mcold airucold air; ð16Þ
where ucold air is the specific internal energy of cold air blown into
the device.
To estimate the effectiveness of the HX, the amount of sensible




The rate of energy transferred to the secondary air in the HX is
calculated by:
_Qsec;in ¼ _mcold airCp;air Tcomb air  T1ð Þ: ð18Þ
The remaining rate of energy from the gases after transferring
heat to the HTF, before entering the HX, is defined by:
_Qhot gas;out ¼ _mexhaustCp;flue gas Thot gas;out  T1
 
; ð19Þ
The effectiveness-NTU method is applied when performing cal-
culations for the HX. The effectiveness of a HX is defined as the
actual amount of heat flux rate by the HX relative to the maximum
possible heat flux rate. Hence this maximum heat flux rate needs to
be determined by the following equation [35]:
_Qmax ¼ Cmin Thot gas;out  T1
 
; ð20Þ
where Cmin is the lesser of the heat capacity rates, Ch and Cc, each
defined by the following:
Cc ¼ _mcold airCp;c; ð21Þ
Ch ¼ _mhot gas;outCp;h: ð22Þ
Following this, the actual heat transfer rate for the co-flow and
counter-flow configurations are:
_Qcoflow ¼ ecoflow _Qmax ð23Þ
_Qcounterflow ¼ ecounterflow _Qmax ð24Þ
where the definitions for the effectiveness for both cases, ecoflow and
ecounterflow are obtained from Bergman et al. [35].
The outlet temperatures of the flue gas (exhaust) can be found
from overall energy balance equations, using an iterative process
as the mass flow rates of the exhaust and cold air depends on
the mass flow rate of fuel (mass balance):




_mexhaust ¼ _mfuel þ _mcold air : ð26Þ
Similarly, the temperature of the combustion air, Tcomb air , was
found using the approach as above.
4.3. Pressure drop and power requirement for fans and pumps
The pressure drop in all tubes is calculated following Bergman
et al. [35]:
DP ¼ f q umean;fluid
 2
2D
x2  x1ð Þ: ð27Þ
This formula takes into account the friction factor, f, which is
defined as a dimensionless pressure drop for internal flow and this
value can be obtained from Bergman et al. [27], density, q, and
mean velocity, um of the heat transfer fluid or flue gas, and the
length (the term x2  x1 represents the overall length of the tube)
as well as diameter, D of the tube. The power requirement for the
fans and pumps is then estimated by multiplying the pressure drop
with the volumetric flow rate of the heat transfer fluid or flue gas:
_Wfanþpump ¼ ðDPÞ _Vfluid: ð28Þ4.4. Estimating mass of HSRC
The weight of the entire device was calculated from the density
of the material and the dimensions of the device, as per Table 1.
Table 1
Type of materials used for each component and its associated density.
Component Material Density (kg/m3)
Tubes
Receiver tubes Inconel 8497
Heat exchanger tubes Carbon steel 7850
Connector tubes Carbon steel 7850
Molten salt Sodium nitrate – 48% 1862
Potassium nitrate – 52%
Shell
Refractory Ceramic fibre 130
Insulation Clay 560
Steel casing Stainless steel 310 7750
Table 2
Parameters used in the Solar-Only mode validation assessment.
Solar input (kW) 100
Receiver area (m2) 1
Thermal conductivity of receiver tubes (W/m K) 23.9
Temperature of molten salt in (C) 290
Temperature of molten salt out (C) 560
Aperture area (m2) 0.4
Number of tubes 6
Table 3
Model validation data for Solar-Only mode of operation.
Model from





Convective heat loss (kW) 11.5 10.89 5.30
Emissive heat loss (kW) 3.90 3.83 1.79
304 J.H. Lim et al. / Applied Energy 162 (2016) 298–307Another 10% of the overall weight of all the components was used
to account for miscellaneous components.Reflective heat loss (kW) 4.50 4.76 5.78
Conductive heat loss (kW) 0.30 0.29 3.33
Total heat loss (kW) 20.2 19.77 2.13
Receiver efficiency 0.798 0.823 3.135. Model validation
5.1. Solar-Only mode
The analytical model produced was validated for the Solar-Only
mode, using a slightly different shape and configuration, adapted
to match those of the solar cavity receiver of Li et al. [37]. These
data corresponds to the Sandia National Laboratories’ molten salt
electric experiment (MSEE). The input data to the model for the
validation study is shown in Table 2, while the results of the com-
parison are shown in Table 3. These show that the present model
agrees with the values of Li et al. with a maximum deviation of
5.78%. This level of agreement provides confidence in the model.
5.2. Combustion-Only mode
For the Combustion-Only case, standard and well known heat
transfer coefficients were adapted to suit the shape of the HSRC,
as reported in Table 4. The equations have been verified by the
indicated sources to be correct for each case.
6. Results and discussion
Fig. 5 presents the dependence of the thermal efficiency of the
HSRC for the Combustion-Only mode as a function of the length
to diameter ratio of the chamber, both for a fixed diameter of
3 m and for the case of a thermal output of 30 MW. Three sets of
data are presented, corresponding to integral multiples of the
length of the HX with respect to the cavity from 1 to 3. The cases
in which the HX length is double or triple that of the cavity are rep-
resentative of a range of alternative HX designs that could achieve
more effective heat exchanger recovery, but that will come at the
expense of increased pressure loss, weight and cost (as discussed
later). Other configurations that could potentially offer a better
trade-off in effectiveness, pressure drop and weight include dim-
pled or finned tube heat exchangers, but are not analysed here.
The figure also presents the band of typical efficiency for a conven-
tional boiler, which ranges from 65% to 85% [38]. Importantly, it
can be seen that the overall efficiency of the HSRC in the
Combustion-Only mode can match, or exceeded, that of the con-
ventional boiler for values of Lc/Dc > 3, confirming the reliability
of the economic analysis of Nathan et al. [19], provided that the
reactions can be completed within the combustor volume. The
fractional energy in the combustion products that is recovered
through the HX is also shown for these three configurations. These
results show that the recovery of about half of the sensible heat
from the exhaust allows an overall efficiency of the device during
the combustion mode to be greater than 80%.It is important to note that doubling the length of the HX for the
case of LHX/LC = 1 from Lc/Dc = 2 to 4 results in an increase in effi-
ciency from 58% to 77%. However the same increase in HX length
by going from the case of LHX/LC = 1 to LHX/LC = 2 only increases
the efficiency to about 69%. This is because the temperature of
hot gases from combustion is greater for shorter lengths of the
cavity (as the same amount of fuel is used for each case), which
correspond to a higher exhaust temperature and lower heat
recovery, lowering the overall thermal efficiency of the device.
Fig. 6 presents both the temperature of the receiver tubes, RT,
and the corresponding thermal efficiency in Solar-Only mode as a
function of the length of the chamber. The temperature of the RT in
this mode is similar to that in the Combustion-Only mode because
the model assumes the same heat flux to RT to ensure a similar
thermal output of the HTF. According to Rodriquez et al. [39] three
common materials used in solar thermal/molten salt applications
are Incoloy Alloy 800H, Inconel 625LCF, and 316 stainless steel.
Also shown in Fig. 6 are the limiting temperatures of these materi-
als in the Solar-Only mode of operation as dotted lines [40,41].
Based on the figure, for safe operation of the HSRC, the Lc/Dc ratio
of >4.5 is required if Incoloy Alloy 800H or Inconel 625LCF is used
and an Lc/Dc ratio of >6 is needed if 316 Stainless Steel is used. The
efficiency increases slightly with decreasing temperature of RT and
peaks at Lc/Dc  4.
Fig. 7 presents the outlet temperature from the two sides of the
HX, namely of exhaust, Texhaust, and of the pre-heated combustion
air, Tca, together with the HX effectiveness. As expected, gHX
increases with Lc/Dc due to the increased surface area for heat
recovery. Importantly, high values of eHX necessarily correspond
to high values of the combustion air temperature so that values
of Tca > 400 C is to be expected and Tca > 600 C is desirable for effi-
cient designs of the HSRC. This is higher than the typical combus-
tion air temperature for boilers of 250 C although it is typical of
mid-temperature processes such as lime and significantly lower
than high temperature processes such as cement and glass.
Fig. 8 presents the dependence both of the weight of the device
and of the parasitic power requirements of the fan and pump rel-
ative to the overall thermal output (in this case 30 MW) as a func-
tion of Lc/Dc. As expected, the weight of the device increases
linearly with Lc/Dc, and hence too, with LHX. In contrast, the para-
sitic losses of the fan and pump power exhibit a minimum that
occurs for Lc/Dc  4. Importantly, the power requirements are
relatively low, ranging between 0.6% and 2% of the useful thermal
output for all cases. This is an acceptable value, and shows that the
Table 4
Heat transfer coefficients used for the Combustion-Only mode.
Interaction Equations used Sources
Molten salt to inner surface of RT Nu ¼ 0:0243 Re0:8molten salt  Pr0:4molten salt Fully developed, turbulent flow in a tube [22]
Combustion products to inner surface of HSRC
shell
Nu ¼ 0:0243 Re0:8combustion products  Pr0:4combustion products Fully developed, turbulent flow in a tube [36]
Outer surface of HSRC shell to surrounding Nu ¼ C  Remair  Pr1=3air External flow of air around a cylinder [33]
If Reair ¼ 40 4000
C = 0.683
m = 0.466
If Reair ¼ 4000 40;000
C = 0.193
m ¼ 0:618
If Reair ¼ 40000 400000
C ¼ 0:027
m = 0.805
Combustion products to inner surface HXT Nu ¼ 0:0243 Re0:8combustion products  Pr0:4combustion products Fully developed, turbulent flow in a tube [22]
Outer surface HXT to combustion air
Nu ¼ C  Remair;max  Pr0:36air  PrPrs
h i1=4 External flow of air across banks of tubes (staggered
arrangement) [33]
Where for a staggered configuration of tubes,
If Reair;max ¼ 103  2 105
C = 0.35
m = 0.6
If Reair;max ¼ 2 105  2 106
C = 0.022
m = 0.84
Fig. 5. Effect of varying Lc/Dc on the overall thermal efficiency and fraction of heat
recovery from the hot combustion products for Combustion-Only mode for a
thermal output of 30 MW. Results are reported for three values of heat exchanger
length relative to the length of the chamber.
Fig. 6. Effect of Lc/Dc on the temperature of the receiver tubes and thermal
efficiency for Solar-Only mode for a thermal input of 30 MW.
J.H. Lim et al. / Applied Energy 162 (2016) 298–307 305tubes chosen are sensibly sized. It should also be noted that sepa-
rate calculations were performed which showed that the pressure
drop through the HX is much greater than that through the recei-
ver tubes, so that the fan power dominates the parasitic electrical
power requirements for the system, as expected.
Fig. 9 presents the effect of changing the diameter of the heat
exchanger tubes, ODHXT, while keeping their thickness constant,
on both the parasitic work and on the weight. This shows the
trade-off, in that increasing ODHXT decreases the pressure drop
and fan power requirements, at the expense of increasing the
weight, and hence also the cost of the tubes. A range of 1–5% total
fan power with respect to the useful thermal output is deemed to
be a reasonable parasitic loss and is expected to be near to the opti-
mum for cost. Fig. 9 shows that this occurs for the ODHXT  101 mm
for the case of a 2.1 mm wall thickness.
Table 5 reports the weight distribution of the HSRC for several
configurations that achieve similar efficiencies both to a solar-
only cavity receiver and a conventional boiler, in terms of weight
in tonnes and percentage weight distribution, for a 30 MW thermalFig. 7. Effect of varying Lc/Dc on the temperatures of the combustion air and of the
exhaust gases leaving the HX for three lengths of HX, together with the HX
effectiveness.
Fig. 8. Dependence on Lc/Dc of the overall estimated weight and of ratio of the fans
& pumps power requirement relative to the thermal output of the device. The
closed symbols represent the weight while the open symbols represent
_Wfanþpump= _Quseful .
Fig. 9. Influence of the diameter of the HXT (at constant thickness) on the overall
weight and on the ratio of the fans & pumps power requirement relative to the
thermal output of the device. The closed symbols represent the weight while the
open symbols represent _Wfanþpump= _Quseful .
Fig. 10. Effects of the scale of useful thermal output power from the HSRC on the
ratio of the overall estimated weight to thermal output power for constant Lc/Dc  5
as a power law function.
306 J.H. Lim et al. / Applied Energy 162 (2016) 298–307output. The device is also compared with an equivalent configura-
tion of a solar-only receiver without the HX tubes and connector
tubes which achieves a similar solar efficiency. The weight of the
device is assumed to correlate with the subsequent cost of the
device, in a first-order assessment of the validity of the assump-
tions by Nathan et al. [19]. The HSRC is divided into 6 main com-
ponents, namely the receiver tubes, molten salt, heat exchanger
tubes, external shell, connector tubes and miscellaneous items that
include bolts, nuts, etc. Table 5 shows that:Table 5
Weight and percentage weight distribution of HSRC.
Weight
distribution









Receiver tubes 9.63 17.41 8.67 12.04
Molten salt 9.94 17.97 8.95 12.43
Heat exchanger
tubes
17.60 31.80 35.95 49.93
Shell 10.08 18.21 9.13 12.69
Connector tubes 3.05 5.52 2.75 3.82
Miscellaneous 5.03 9.09 6.55 9.09
Sum 55.34 100.00 72.00 100.00 The weight of the HSRC (LHX/LC = 1) that achieves a similar effi-
ciency to the solar-only device is heavier than it by a factor of
2. This value provides support for the techno-economic
assessment of Nathan et al. [18] who assumed that the HSRC
is twice the cost of a regular solar cavity receiver.
 The weight of the HSRC depends strongly on the weight of the
HXT, so that, the heat exchanger tubes’ weight dominates the
overall weight of the device in the case of LHX/LC = 2 and LHX/
LC = 3. Hence, it is likely to be more cost-effective to use high
heat transfer devices, such as dimples or fins, than to use several
passes of the HXT.
It is also important to note that the shell itself, takes up a large
percentage of the weight of the HSRC. The shell is greatly influ-
enced by the thickness. When modelling, the shell is assumed to
be made of 3 layers, a 75 mm refractory layer, a 30 mm insulation
layer and a 2 mm steel casing. The thickness of each layer affects
the weight of the shell significantly, and the layers chosen are rel-
atively conservative in minimizing heat loss. Hence further reduc-
tion in weight, and potentially cost, is possible by optimising this
aspect of the design.
Fig. 10 presents the effect on the weight to power ratio of
changing the scale of the device as a power law function. The scale
was varied at a constant value of Lc/Dc  5. This shows that the
weight/thermal output ratio increases as the scale decreases,
which is consistent with the economies of scale that typically occur
for thermal devices. However, importantly, this change is
non-linear. Most of the advantage of scale is achieved for thermal
outputs of order 1 MW, which means that the device is likely to be
suited to small to medium scale installations as well as to larger
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The novel configuration of hybrid between a solar thermal
tubular receiver and combustor has been presented and shown
with an analytical steady-state model to be configurable to achieve
the same efficiency as the solar-only and combustion-only
counterparts. More specifically, the analysis has found that:
– The size and weight of the hybrid device is typically controlled
by the heat transfer requirements of the combustor rather than
that of the solar receiver, both because the heat flux that can be
achieved by a solar concentrator is greater than that from
combustion and because of the additional weight required for
the heat exchanger to recover the heat from the combustion
products.
– For the Solar-Only mode, the limiting factors are the heat trans-
fer coefficient to the heat transfer fluid (molten salt) and/or the
maximum operating temperature of the tubes.
– The design of the heat exchanger to recover heat from the
combustion products is a critical element of the HSRC concept.
It is necessary to recover at least 50% of this heat to achieve effi-
ciencies similar to a conventional boiler. For the basic configu-
ration of simple tubes assessed here, approximately 35% of
the weight of the HSRC is associated with this component,
although this could be reduced with more efficient HX compo-
nents such as fins and dimples.
– It is possible to achieve an efficiency in the Combustion-Only
mode that is similar to that of a conventional boiler with a suit-
ably sized device. It is estimated that, to achieve this, the weight
of the HSRC will be increased by a factor of approximately 2
over that of a solar-only device.
These calculations support the previous techno-economic anal-
ysis of Nathan et al. [19], which account only for the benefits of
shared infrastructure. Further benefits can be expected when
accounting for reduced start-up and shut-down losses.
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 We present the benefits of integrating a solar cavity receiver and a combustor.
 The hybrid solar receiver combustor is compared with its equivalent hybrid.
 The start-up losses of the back-up boiler are calculated for a variable resource.
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The impact of avoiding the start-up and shut-down losses of a solar thermal power plant by directly inte-
grating the back-up boiler into a tubular solar-only cavity receiver is studied using a multiple time-step,
piecewise-continuous model. A steady-state analytical model of the mass and energy flows through both
this device and a solar-only cavity receiver reported previously are incorporated within a model of the
solar power generating plant with storage. The performance of the Hybrid Solar Receiver Combustor
(HSRC) is compared with an equivalent reference conventional hybrid solar thermal system employing
a solar-only cavity receiver and a back-up boiler. The model accounts for start-up and shut-down losses
of the boiler, threshold losses of the solar-only cavity receiver and the amount of trace heating required to
avoid cooling of the heat transfer fluid. The model is implemented for a 12 month/five year time-series of
historical Direct Normal Irradiation (DNI) at 1 h time-steps to account for the variability in the solar
resource at four sites spanning Australia and the USA. A method to optimize the size of the heliostat field
is also reported, based on the dumped fraction of solar power from the heliostat field. The Levelized Cost
of Electricity (LCOE) for the HSRC configuration was estimated to be reduced by up to 17% relative to the
equivalent conventional hybrid solar thermal system depending on the cost of the fuel, the storage capac-
ity and the solar resource, while the fuel consumption was estimated to be reduced by some 12–31%.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
The need to mitigate greenhouse gas emissions is driving the
development of technologies to harness renewable energy sources
such as solar and wind, which are abundant in nature [1]. However,
these forms of energy are also diffuse and intermittent. Two of the
potential solutions to manage cost effectively the intermittent nat-
ure of the renewable resources are storage technologies and
hybrids with combustion technologies [2–4]. Of the various types
of storage technologies, thermal energy storage (TES) is often themost desirable due to its high performance in energy storage den-
sity and energy conversion efficiency [5]. When coupled to a solar
thermal plant, TES also allows electricity to be dispatched at times
when the solar resource is unavailable. However, it is presently
only cost-effective to address some of the variability this way [6],
that is, it is unlikely to be economic to store enough energy to
cover for periods of extended cloud [7]. Hybrids with fossil fuel
systems are attractive in the short term because renewable energy
provides a means to reduce CO2 emissions, while fossil fuels inher-
ently contain stored chemical energy readily available at a low cost
[8]. For these reasons a combination of thermal energy storage and
hybrid systems offers the potential to provide some CO2 mitigation
at moderate cost, together with a continuous electricity output [9].
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J.H. Lim et al. / Applied Energy 164 (2016) 10–20 11biomass or other forms of low-carbon-intensive fuel. In light of
this, there is a need for hybrid thermal energy systems to comple-
ment renewable energy sources.
One recently proposed hybrid technology concept utilising
energy storage is the Hybrid Solar Receiver Combustor (HSRC), of
Nathan et al. [10]. Their preliminary economic evaluation found
that, relative to the nearest equivalent system with a separate
solar-only cavity receiver and a boiler, termed the solar gas hybrid
(SGH), the HSRC reduces the capital cost of the overall power sys-
tem, which includes the storage tanks, steam generator, Electrical
Power Generating System (EPGS) and backup boiler (for the SGH)
system, by up to 18% and overall LCOE by up to 11% for a 100 MWth
receiver size [11]. However, that assessment was based only on
annually averaged performance of the plant and did not consider
the influence of the variability of the solar resource. Lim et al.
has recently developed an analytical model consisting of heat
transfer and energy balance equations, which can be used to model
performance of the HSRC at each time-step in a data string of solar
resource. That model was used to determine the dimensions of the
HSRC required to achieve similar efficiencies to that of a solar-only
cavity receiver and a conventional boiler, and to estimate the sub-
sequent weight of the device relative to a solar-only device [12].
The assessment confirmed that configurations can be found for
which the combustion-only model of the HSRC achieves similar
performance to the stand-alone boiler for a weight that is approx-
imately double that of a solar-only device, justifying a key assump-
tion in the economic assessment of Nathan et al. [11]. However, the
economic study by Nathan et al. also did not consider the further
potential benefits associated with avoiding the start-up and shut-
down losses of a boiler and the trace heating required to maintain
the temperature of the working fluid (here molten salt) for the
solar-only cavity receiver. In addition, the minimum threshold of
solar flux required for the HSRC is expected to be lower than that
of the SGH, the benefits of which was also not analysed in their
assessment. Hence, there is a need to account for the effects ofresource variability both on the actual differences in operation
and on the influence of start-up and shut-down losses on the
potential additional benefits of the integrated HSRC device over
the SGH.
For a conventional SGH to be run continuously, it is necessary to
operate the boiler in ‘‘stand-by” mode for periods. This requires
maintaining the boiler at a sufficiently high temperature, and/or
starting it up before the steam is needed, to allow the boiler to
be brought on line when required during periods of low solar inso-
lation. For this reason, both start-up and shut-down losses are
incurred during the transitions between solar-only and
combustion-only operation, which leads to additional fuel con-
sumption. In addition, the rate at which the boiler can be heated
up is limited by the thermal stresses on the walls of the boiler
[13]. Hence, the heat-up time for a boiler is set by the manufac-
turer’s specification. Furthermore, the minimum capacity of a con-
ventional boiler is also limited, with a typical turndown ratio of the
maximum to minimum throughput being in the range of 3–4 [14].
The HSRC offers the potential to avoid most of these losses because
it replaces the two units with a single device that is kept warm
continuously by either Concentrating Solar Thermal (CST) or com-
bustion. However, the magnitude of these potential benefits
depends both on the start-up and shut-down requirements of the
boiler and on the solar resource variability (seasonal, diurnal and
weather-based), so that they can only be evaluated reliably by a
model that accounts for all of these factors. Hence the present
paper also aims to compare the influence of start-up and shut-
down losses from the two types of hybrid system.
In a conventional SGH as with any solar power tower system, a
trace-heating system is needed to maintain above its freezing point
the temperature of the heat transfer fluid within the piping system
[15,16]. The current state-of-the-art heat transfer fluid in solar
thermal systems around in the world is molten salt, although other
fluids are also being considered [17]. The need for electrical trace
heating brings significant challenges. For example, non-uniform
12 J.H. Lim et al. / Applied Energy 164 (2016) 10–20trace heating of the pipes during the installation of the Solar Two
Project caused a five month delay and required extensive replace-
ment and reinstallation of the whole system, resulting in unneces-
sary expenditure [15]. In addition, the use of electrical trace
heating imposes a significant energy penalty because the conver-
sion of heat to electricity invokes the losses of the Rankine cycle,
which is typically only some 30–40% efficient [15]. In contrast,
the HSRC operates continuously, which offers potential to avoid
or greatly reduce the need for trace heating. However, the extent
of these benefits also depends on the intermittent nature of the
resource, which is also difficult to evaluate without a dynamic
model. While the impact on the capital cost of the amount of trace
heating required is difficult to evaluate without a detailed design of
both the receiver and the associated piping network, the power
consumption can be estimated on the basis of the resource and
published data on power consumption. Hence a further aim of
the present investigation is to estimate the potential benefits in
terms of avoided trace heating on the net power consumption of
the HSRC relative to the SGH.
In light of the above background, the first aim of this paper is to
develop a piecewise-continuous (i.e. pseudo-dynamic) model of
the power plant for a novel hybrid solar receiver combustor, the
HSRC, employing molten salt as the heat transfer fluid. The second
aim is to compare the power consumption both from combustion
and trace heating for the HSRC relative to the SGH, for the scenario
in which continuous power output is to be maintained throughout
one or more years of historical solar DNI data. This paper also aims
to calculate the solar fraction from both systems and estimate the
relative change in overall LCOE for both systems, and so to more
reliably estimate the economic benefits of the HSRC relative to
the SGH.
2. Methodology
The model developed extends the work of Lim et al. [12] to also
include the storage tanks, a steam generator and an EPGS, using
MATLAB as a programming tool. The pseudo-dynamic performance
is then calculated for both the SGH and the HSRC by assuming
steady state operation at each time-step from a time-series of
hourly DNI data from the National Solar Radiation Database and
Bureau of Meteorology (BOM) at selected sites from the USA and
Australia respectively. The majority of cases are assessed for the
full 12 months of the year 2000 for USA sites and the year 2002
for Australia sites to account for seasonal variation in solar heat
flux. For key results, in particular for the LCOE calculations, data
































Fig. 1. Schematic diagram of the power flows tyear-to-year variability in solar heat flux. The sites chosen are Dag-
gett (USA), Prescott Love Field (USA), Darwin (AUS) and Mildura
(AUS), each of which has a high annual solar radiation [7].
2.1. Schematic diagram
Fig. 1 shows the schematic diagram for the reference SGH sys-
tem, the terminology for which is presented in the Nomenclature
section. Note that the boiler is coupled into the system in such a
way that it can provide heat to the EPGS, when the heat is not
available from the solar resource either directly, from the receiver,
or indirectly from the storage tank following the work of Kueh
et al. [7]. The concentrated solar radiation from the heliostat field,
_Qhelio, is introduced into the cavity receiver, heating the working
fluid through the tubes. The useful heat from the receiver, _Q rec;out
is stored in the hot storage tank, to be used by the steam generator
when needed. When the hot storage tank has reached its storage
limit, the excess power is dumped ( _Q tankðhotÞ;dump). The value of
_Q rec;out is set to a constant value of 100 MWth for all scenarios con-
sidered here to provide a consistent basis for comparison, although
other scenarios are also possible.
Fig. 2 presents a schematic diagram of the HSRC system. The
main difference between this system and the SGH (Fig. 1) is the
integration of the boiler within the solar-only cavity receiver, as
described by Lim et al. [12]. Similar to the SGH system, the thermal
power output from the HSRC, _QHSRC;out, is set to a constant value of
100 MWth. From this, a direct comparison between the SGH and
HSRC can be performed.
2.2. Logic control diagram
Fig. 3 presents the logic diagram for the control of the SGH sys-
tem in response to the solar variability. Here, _Qhelio is directed into
the solar-only cavity receiver, where it is used if it exceeds the
minimum threshold for which the gains exceed the losses. Below
this threshold the trace heating system is turned on and the molten
salt is heated to prevent solidification. The value of _Qhelio is then
compared with the maximum allowable thermal output from the
solar-only cavity receiver, _Q rec;max. If it exceeds this, the surplus is
dumped. The useful heat from the receiver, _Q rec;out, is then used
to fill the hot storage tank unless it is already full, and the boiler
is operated only if the power obtained from the hot storage tank,
_Q tankðhotÞ is insufficient to meet the demand of the EPGS. In this













































































Fig. 2. Schematic diagram of the power flows through the hybrid solar receiver combustor, HSRC, system.
J.H. Lim et al. / Applied Energy 164 (2016) 10–20 13for start-up. That is, when power from the boiler is required, fuel
consumption is calculated to account for the heat up based on
the number of hours the boiler has been out of operation and for
the power required to meet the thermal load. This would require
good forecasting to be achieved.
Fig. 4 presents the logic diagrams for the control of the HSRC
system. The system is similar to that of the SGH, except for the
absence of a separate boiler. This, in turn, eliminates the need to
start-up the boiler. Supplementary fuel is introduced into the HSRC
to keep the receiver warm and meet the power demand. The ther-
mal output from the receiver was set to be 100 MWth for each
system.2.3. Heliostat field size
The area of the mirrors in the heliostat field, Ahelio, was varied
systematically, together with the rated capacity of the hot storage
tank, _Q tankðhotÞ;max, for power block ratios (PBR) of 0.4, 0.6 and 0.8
times the maximum capacity of the solar-only cavity receiver or
HSRC following Kueh et al. [7], as follows:
PBR ¼
_Q tankðhotÞ;max
_Q rec;max or _QHSRC;max
; ð1Þ
where _QHSRC;max is the maximum allowable thermal output from the
HSRC. The value of
_Q tankðhotÞ;dump
_Q tankðhotÞ ;max
, was calculated and set to avoid more
than 5% dumping of the total power output from the hot storage
tank, _Q tank;hotðoutÞ, where _Q tankðhotÞ;dump is the net amount of solar heat
flux dumped from the hot storage tank.2.4. Solar input threshold
The lower threshold for solar input is defined as the minimum
solar radiation to the HSRC/solar-only cavity receiver needed to
exceed the convective and radiant losses from it.
To determine threshold of solar input for HSRC, the total losses
are calculated as follows:
_Q loss;total ¼ _Qnoz;loss þ _Q ap;loss þ _Qwall;loss: ð2Þ
These losses are all calculated with the cavity at its design tem-
peratures, to achieve an output temperature of the molten salt of
565 C, following the details described in our previous study [12].
Briefly, _Qnoz;loss represents the total radiative and convective lossesthrough the nozzle (burner) openings, _Q ap;loss are the total losses
through the aperture and _Qwall;loss represents the total losses from
the walls.
To determine the threshold of solar input for a solar-only cavity
receiver [7]:




where ghelio is the optical efficiency of the heliostat field, r is the
Stefan–Boltzmann constant, Trec is the average temperature of the
cavity receiver, IDN is the incoming DNI and eC is the concentration
ratio. The concentration ratio was assumed to be eC = 1000, which
is a typical value for CST systems with a solar-only cavity receiver,
similar to the approach by Kueh et al. [7].
2.5. Start-up times for the boiler and HSRC
The start-up time for a conventional boiler depends strongly on
the duration for which the boiler is out of operation. These have
been calculated following Li et al., as per Table 1 [18]. In addition,
the turndown ratio of the boiler is assumed to be 3.333 [14].
For the case of the HSRC, it is assumed that the same trace-
heating system employed to maintain the temperature of the heat
transfer fluid above its freezing point will also keep the cavity of
the HSRC warm when the plant is operated from stored thermal
energy. This results in additional electrical power consumption
but eliminates the need to start-up the HSRC ahead of the time
when fuel is needed for operation. In all other instances, the HSRC
will be in operation using either solar energy, combustion or a
combination of both.
2.6. Trace heating
To calculate the amount of trace heating required to prevent
solidification of the heat transfer fluid, the following formula was
used:
_Q trace ¼ 1:1 _Q trace;perpipe  no:pipe

 lengthpipe;salt þ ðtower height 2Þ
 
: ð4Þ
Here the value _Q trace;perpipe was obtained following Rodriguez-
Garcia et al. [16], the number and length of the pipes carrying
the working fluid was determined from Lim et al. [12] and the
tower height was assumed to be 120 m based on a similar ratio
of height to total thermal output to that of the Gemasolar tower,
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Fig. 3. Logic diagram used to control the SGH system in response to solar resource variability.
14 J.H. Lim et al. / Applied Energy 164 (2016) 10–20which is 145 m tall with a 120 MW thermal output [20]. The addi-
tional 10% is added to the overall power to account for the need to
heat miscellaneous components and the storage system.
2.7. Solar fraction
The definition of solar fraction for a period t (e.g. one year),
vsolar;t , is as follows:
vsolar;t ¼
_Qhelio;t
_Q rec;out;t þ _Qboil;t or _QHSRC;out;t
; ð5Þ
where_Qhelio;t represents the total amount of solar power introduced
into either the SGH or HSRC system for year t, while _Q rec;out;t is
the total thermal output from the solar-only cavity receiver for
year t and _Qboil;t is the total thermal output from the boiler for year
t. _QHSRC;out;t is the total thermal output from the HSRC for year t.2.8. Levelized cost of electricity
The levelized cost of electricity (LCOE) was calculated using
parameters defined in Table 2 to enable a reasonable comparison
of the relative merit of the HSRC in comparison with the SGH, to
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Fig. 4. Logic diagram used to control the HSRC system in response to solar resource variability.
Table 1
The required time to start-up a boiler as a function of the time for which it has been
out of operation, following Li et al. [19]. The average start-up time was used in the
piecewise-continuous model.
Time out of operation
(h)







J.H. Lim et al. / Applied Energy 164 (2016) 10–20 15avoid the challenge of obtaining absolute values for a particular
location. Hence we have followed Nathan et al. [11] in selecting
the values and correlations of cost from Sargent and Lundy [21].
The LCOE was calculated with the following formula obtained









Here t represents the year, Investmentt is the cost of investment in
year t, O&Mt is the operations and maintenance costs for year t,
Fuelt is the fuel costs for year t, Carbont is the total cost of carbon
emissions for year t (e.g. from a carbon tax), Decommissioningt is
the decommissioning cost for year t, r in the term ð1þ rÞt is the
discount factor for year t, and Electricityt is the amount of electricity
produced in year t. Also following Nathan et al., the life of the plant
was assumed to be 30 years, while the present comparison conser-
vatively ignores the costs of carbon emissions and decommissioning
as well as inflation [11]. The discount factor is assumed to be equiv-
alent to the assumed internal rate of return of 10% over the project
Table 2
Correlations and values used in the present LCOE calculations (US dollars).
Component cost Correlation/value Unit References
Heliostats 216 $/m2 [21]
Salt-cooled receiver 3.52 _Q0:44rec;max $M [21]
Tower 0.0305 _Q rec;max + 0.961 $M [21]
Thermal storage 0.0153 Q sto + 0.502 $M [21]
Steam generator 0.212 _Q0:7SG;out;max $M [21]
EPGS 1.84 _Q0:7SG;out;max $M [21]
Gas-fired boiler 1.69 _Q0:7boil;max $M [24]
Operation & maintenance
Solar field 1.88 Ahelio + 0.189 $M/yr [21]
Plant 0.0151 _Welec;net + 2.92 $M/yr [21]
Fuel cost (Natural gas) 2–15 $/GJ [21]
Levelized cost calculation parameters
Internal rate of return 5–20%
Plant life 30 years
16 J.H. Lim et al. / Applied Energy 164 (2016) 10–20life for most of the calculations done. A sensitivity study of the dis-
count factor was also performed for ranges between 5% and 20%.
Table 2 shows the correlations used in the LCOE calculations.
Correlations for the gas-fired boiler and EPGS are based on data
obtained from literature where a capacity scaling exponent of 0.7
was applied based on the thermal input. The cost of the HSRC is
assumed to be twice of that of the solar cavity receiver to account
for the additional fans and combustion system. This is consistent
with the assessment done by Lim et al. who found that the weight
of the HSRC is twice of that of a solar cavity receiver, subsequently
doubling its cost [12]. The costs of all other components of the sys-
tems are obtained from Sargent and Lundy and Bemis and DeAnge-
lis [21,24].
According to IEA, the cost of fuel is a key component of the over-
all cost of electricity generation for systems utilising fossil fuels
[22]. Most of the calculations were performed for the reference
scenario in which the cost of natural gas is at a relatively low value
of $USD3/GJ (to allow a direct comparison with the earlier assess-
ment of Nathan et al. [11]). This is only slightly below the current
average price of natural gas in the USA of approximately $USD3.8/
GJ, but within the range at which the price fluctuates [25]. How-
ever, the current price of natural gas in Australia is approximately
$USD4/GJ while Europe is higher at $USD8/GJ. The import price of
natural gas in Asia is as high as $USD15/GJ [25]. Hence, the influ-
ence of the price of fuel was assessed by a sensitivity analysis of
the LCOE for gas prices between $USD2/GJ and $USD15/GJ.
2.9. System component efficiencies
Table 3 presents the assumed efficiency for the other system
components used in the model to calculate the annual electricity
produced.
The efficiency of the HSRC in solar-only and combustion-only
mode was defined by an analytical model of the device developed





System components and their efficiencies.
System component HSRC SGH References
Solar cavity receiver % (7) 0.89 [23]
Storage tanks % 0.99 0.99 [15]
Electricity Power Generating System (EPGS) % 0.41 0.41 [15]




Here _QHSRC;out and _Qhelio have previously been defined and _Q fuel;in is
the total power from the combustion of fuel (assumed to be natural
gas).
In the mixed-mode of operation, a similar approach was used to




_Qhelio þ _Q fuel;in
: ð9Þ
Because this study only compares the relative performance of
the HSRC to the SGH, it is not necessary to model the other system
components, i.e. storage tanks and EPGS, in detail.3. Model verification
The heat transfer within the HSRC is calculated using the vali-
dated analytical model of Lim et al. [12]. The pseudo-dynamic
modelling approach adopts the same procedure as Kueh et al.
[7]. A verification process has also been performed whereby the
trends of the SGH and HSRC systems were analysed and checked
to ensure that the flows of power are consistent with expectation.
The total power input has to be equivalent to the sum of the total
power output and power losses.
Figs. 5 and 6 present two short-term time series of power flows
through the SGH and HSRC systems, respectively, for periods of
4 days. Both were also conducted for the case at which the PBR is
0.8 and for the site of Daggett (USA). It can be seen that the total
power input matches the total power output and losses. For exam-
ple, as _Qhelio increases at t = 10, 32, 60, 85 h, the value of _Q tankðhotÞ;out
also increases, until the storage tank reaches its maximum capac-
ity, after which the remainder is dumped ( _Q tankðhotÞ;dump). When
_Qhelio is below the threshold, the boiler or HSRC is used to produce
thermal power, resulting in an increase in _Qboil or _QHSRC;outðcombÞ
respectively. The value of _Q tankðhotÞ;dump becomes positive when
the hot storage tank is full and there is excess of solar power from
the heliostats.4. Results and discussion
Fig. 7 presents the distribution of power inputs and losses for
both the HSRC and SGH for the cases of 1, 5 and 10 h of thermal
storage capacity, for the configurations in which the PBR = 0.4,
0.6 and 0.8 at the site of Daggett. This site was chosen as the refer-
ence site based on the analysis of Kueh et al. [7], who found that, of
the six sites they assessed, it has the lowest vulnerability to
unscheduled reduction in output due to solar resource variability
for a solar-only plant. The figure shows that the power required
for trace heating is low (0.077 GWth/year) for the HSRC system
with a low storage capacity (i.e. 1 h) because the working fluid in
the device is continuously heated. In contrast, the power required
for trace heating of the equivalent SGH case is still significant
(65.01 GWth/year) owing to the need to heat the system electrically
during periods of low insolation. This difference results in signifi-
cant power savings for the HSRC. As the storage capacity is
increased, the power required for trace heating power decreases
because the trace heating is required only when power is with-
drawn from the storage tank. It is also important to note that the
trace heating power reported in this figure is the electrical heat
required, which is sourced from the EPGS. That is, the gross power
consumption required for trace heating is approximately 2.4 times























Fig. 5. Short-term time series of the power flows through the HSRC system to provide qualitative verification of the performance of the model for the dates 01.01.2000–
04.01.2000 at the site of Daggett. The power block ratio, PBR = 0.8.






















Fig. 6. Short-term time series of the power flows through the SGH system to provide qualitative verification of the performance of the model for the dates 01.01.2000–
04.01.2000 at the site of Daggett. The power block ratio, PBR = 0.8.
J.H. Lim et al. / Applied Energy 164 (2016) 10–20 17greater, because the thermal efficiency of the EPGS is assumed to
have a typical value of 42%.
The power consumption required for combustion is higher for
the SGH than for the equivalent HSRC by values of 12%, 17% and
31%, for storage capacities of 1, 5 and 10 h, respectively. This is
due to the need to start-up the boiler for the SGH case, which is
not required for the HSRC. In addition, in some instances the lim-
ited turndown of the boiler results in some occasions for which
the minimum output from the boiler exceeds the requirement of
the SGH system, which results in an additional loss (contributing
to approximately 10% of the increased fuel consumption). The per-
centage difference in the power generated from the combustion
process increases with the storage capacity. For the largest storage
capacity of 10 h, the percentage difference in fuel consumption is
31%, even though the total fuel consumption decreases as the stor-
age capacity is increased. The threshold losses are also lower for
the HSRC than for the SGH. However, the magnitude of these losses
is small relative to the other losses. The trends are consistent for all
cases of normalized power block capacity.
Fig. 8 presents the solar fraction calculated for all cases of 1, 5
and 10 h of thermal storage capacity, for the configurations in
which the PBR = 0.4, 0.6 and 0.8, also for the site of Daggett. As
expected, the solar fraction increases with the size of the storage
capacity since storage increases the time over which the solar
power is utilised. However, in addition, the solar fraction of the
HSRC can be seen to be some 0.5–1.7% higher than for the equiva-lent SGH. This is because the HSRC utilises more solar radiation at
lower thresholds than does the SGH, which also results in more
fuel savings for the HSRC system.
Fig. 9 presents the sensitivity to the selection of the site of the
distribution of power through the two systems for the cases of 1,
5 and 10 h of thermal storage capacity, for the configurations in
which the PBR = 0.4, 0.6 and 0.8, for the locations of Daggett, Pre-
scott Love Field (PLF), Mildura, and Darwin following Kueh et al.
[7]. This shows that the solar contribution differs at every site, with
Daggett having the highest solar input (301 GWth/year for the case
of the HSRC with 1 h of thermal storage) followed by PLF (278
GWth/year), Darwin (241 GWth/year) and Mildura (235 GWth/year).
The results are consistent with the known differences in DNI at
each location and with the trends from the previous analysis of
Kueh et al. [7]. Similarly, the amount of trace heating required
increases from 0.077 GWth/year at Daggett to 0.154 GWth/year at
Mildura for the case of the HSRC with 1 h of thermal storage, owing
to the increased need to maintain the heat of the heat transfer fluid
when solar is unavailable. Also, the power required from combus-
tion is around 400 GWth/year for the case of the HSRC with 1 h of
thermal storage in Daggett, while it is higher at 466 GWth/year in
Mildura. All these results are consistent for all systems and storage
capacities.
Fig. 10 presents the solar fraction calculated for a power block
of 0.8, for all four locations. Similar to the previous analysis, the











































































Fig. 7. Annually averaged distribution of power inputs and losses for both the
Hybrid Solar Receiver Combustor (HSRC) and Solar Gas Hybrid (SGH) for the cases
of 1, 5 and 10 h of thermal storage capacity at the site of Daggett. Data are reported
for the configurations in which the normalized capacity of the power blocks relative
to the peak solar input, PBR is: (a) 0.8, (b) 0.6 and (c) 0.4. Note that all data are




























Fig. 8. The solar fraction based on the fraction of input power sources for the two
































































































































































Fig. 9. Annually averaged distribution of power inputs and losses for both the
Hybrid Solar Receiver Combustor (HSRC) and Solar Gas Hybrid (SGH) for the cases
of (a) 1, (b) 5 and (c) 10 h of thermal storage capacity at the sites of Daggett, PLF,
Mildura and Darwin. Data are reported for the configurations in which the
normalized capacity of the power block relative to the peak solar input, PBR = 0.8.

























Fig. 10. The solar fraction based on the fraction of input power sources for the two
types of hybrid for the same normalized capacity of the power block relative to the
peak solar input, PBR = 0.8 at various locations.
18 J.H. Lim et al. / Applied Energy 164 (2016) 10–20the solar share is highest for Daggett, which has the highest aver-
age DNI. Significantly, the value of the solar share for these sys-
tems, all of which achieve full baseload output, for the case of
12 h storage spans the range of 0.73 for the DNI of Daggett to
0.57 for the sites of Mildura and Darwin, which have a similar solar
share even though Darwin has a higher average DNI. This differ-
ence is because the heliostat field area is different for each, being
optimized to achieve a similar fraction of power dumped, as dis-
cussed above. Prescott Love Field has an intermediate value solar
fraction at 0.66. For each location, the solar fraction of the HSRCsystem is up to 1.7% higher than that of the SGH, consistent with
the previous analysis.
The results of LCOE calculations are presented in Fig. 11. It can
be seen that the trends in LCOE calculation are consistent with




































Fig. 11. The Levelized Cost of Electricity (LCOE) with differing power blocks relative
to the peak solar input, PBR, for both the Hybrid Solar Receiver Combustor (HSRC)
and the Solar Gas Hybrid (SGH) for the cases of 1, 5 and 10 h of thermal storage






































Fig. 13. The dependence of the Levelized Cost of Electricity (LCOE) on discount
factor for the Hybrid Solar Receiver Combustor (HSRC) and the Solar Gas Hybrid
(SGH) for the cases of 1 and 10 h of thermal storage at the site of Daggett for the
same normalized capacity of the power block relative to the peak solar input,
PBR = 0.8.
J.H. Lim et al. / Applied Energy 164 (2016) 10–20 19model given that similar correlations have been used for the
assessment. The overall LCOE is approximately 5–13% lower for
the HSRC relative to the SGH for values of PBR between 0.4 and
0.8, respectively for all storage capacities. This percentage differ-
ence in LCOE is higher for larger scales due to the increase in fuel
consumption which results in more savings for the HSRC system.
The LCOE of both systems also decreases with increasing scale
for all cases (consistent with the finding of Nathan et al. [11]). This
can also be seen from the graph with the LCOE decreasing as the
size of the power block increases. It is expected that more signifi-
cant savings will be made with the HSRC system with increasing
power block size.
Fig. 12 presents the sensitivity of LCOE to variations in gas price.
As expected, the LCOE is calculated to increase with the price of gas
and to increase more steeply for the SGH than for the HSRC owing
to the higher fuel consumption of the former. For systems with
thermal storage capacity of one hour, the percentage difference
in LCOE between the SGH and HSRC relative to the SGH increases
from 12% to 14% with the price of gas, while for systems with ther-
mal storage capacity of 10 h, this percentage difference increases
from 9% to 17%. This shows that the benefits of employing the
HSRC are greater with higher fuel prices as the percentage differ-
ence of LCOE between the SGH and HSRC increases, for different
sizes of thermal storage capacity.
Fig. 13 presents the sensitivity of LCOE to variations in the dis-
count factor for each of the systems analysed. It can be observed
that the LCOE increases linearly with the discount factor for each
system, as expected. However, importantly, the relative difference







































Fig. 12. The dependence of the Levelized Cost of Electricity (LCOE) on natural gas
price for the Hybrid Solar Receiver Combustor (HSRC) and the Solar Gas Hybrid
(SGH) for the cases of 1 and 10 h of thermal storage at the site of Daggett for the
same normalized capacity of the power block relative to the peak solar input,
PBR = 0.8.this ratio. For systems with a thermal storage capacity of 10 h, the
percentage difference in LCOE between the SGH and HSRC relative
to the SGH varies only between 9% and 11% for discount factors
over the range of 5–20%, while it is independent of the discount
factor at 13% over this entire range for a thermal storage capacity
of 1 h.5. Conclusion
The impact of direct integration of a combustion system into a
cavity receiver on LCOE has been calculated more reliably than pre-
viously by accounting for solar resource variability and for the
effects of start-up and shut-down using a piecewise-continuous
(pseudo-dynamic) model. This has found that, for sites with high
annual average DNI (reference case of Daggett, USA):
– The Hybrid Solar Receiver Combustor, HSRC, reduces the net
fuel consumption relative to the equivalent solar gas hybrid,
SGH, by between 12% for the case of 1 h of thermal storage to
31% for the case of 12 h of thermal storage. Approximately
90% of this reduction is achieved by eliminating the power
required to start the boiler after it has been switched off during
transient operation in the conventional hybrid system. Some
further benefits (approximately 10% of fuel savings) accrue from
avoiding the losses associated with the minimum output from
the boiler exceeding the requirement of the SGH system.
– The HSRC also increases the net electrical power output relative
to the SGH by between 9%, for the case of 1 h of thermal storage,
and 3.5% for the case of 10 h of thermal storage. This increase is
a result of the reduced need for electrical trace-heating of the
heat transfer fluid.
– The HSRC system achieves higher solar fractions relative to the
SGH of between 0.5% for the case of 1 h of thermal storage to
1.7% for the case of 10 h of thermal storage as solar insolation
at lower thresholds are utilised by the HSRC.
– The HSRC system decreases the cost of the overall LCOE by up to
14% for the case of 1 h of thermal storage and up to 17% for the
case of 10 h of thermal storage compared to the SGH for fuel
(natural gas) prices ranging from $USD2/GJ to $USD15/GJ.Acknowledgements
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A novel configuration of a Hybrid Solar Receiver and Combustor (HSRC) operated in the Moderate and
Intense Low oxygen Dilution (MILD) combustion regime, termed the MILD HSRC is reported. This
combustion regime is chosen because of its potential to lower NOx emissions, while increasing the
magnitude and uniformity of heat transfer relative to alternative combustion systems, but has not
previously been assessed with the HSRC concept. An analytical model is used to identify configurations of
the MILD HSRC that achieve the conditions required for MILD combustion. The preferred configuration
was then incorporated into a multiple time-step, piecewise-continuous model to evaluate the potential
savings in fuel and hence, overall Levelized Cost of Electricity (LCOE) for the MILD HSRC in an electrical
power plant. This revealed that there is potential to reduce fuel consumption and LCOE by up to 41% and
4% respectively, relative to the HSRC operating with conventional combustion for a receiver size of
30MWth. The reduction in LCOE increases up to 6% for a receiver size of 100MWth due to economies of
scale. This justifies further work to develop detailed designs and evaluate specific technical and economic
performance through demonstration and scale-up.
© 2016 Elsevier Ltd. All rights reserved.1. Introduction
Environmental concerns and government regulations are
motivating the search for alternative energy sources to those from
fossil fuels, such as wind, solar and tidal [1]. One of the technologies
expected to play an important role in low-carbon-intensity energy
systems is solar thermal energy, owing to its potential to achieve
low cost energy storage, so that many solar thermal plants are now
being deployed across Europe and the USA [2]. Nevertheless,
despite the value of storage, managing the intermittency and
variability across the entire year with sensible or latent storage
alone would require an excessively large storage capacity and a
large over-sizing of the heliostat field to enable a power plant to
operate continuously without any backup [3]. The quest for firm
and dispatchable source of power has therefore motivated the
development of hybrid solar thermal devices that integrate the
energy from both concentrated solar energy and combustion as a
means to lower the cost of energy systems with a high penetration
of renewable energy [4]. On this basis, the present paper aims to.
evaluate a new configuration of a recently proposed hybrid concept
that offers both continuous supply of energy and low pollutant
emissions during those periods of operation for which combustion
is utilised.
The Hybrid Solar Receiver Combustor, HSRC, combines the
functions of a solar cavity receiver and boiler in a single device
[5e8]. This device has been proposed to enable the supply of
continuous power, or firm supply, through the combustion of fuels,
either fossil or renewable, despite seasonal and weather-based
variability of the solar resource, which is difficult to achieve with
sensible or latent heat storage alone. A comparison of the HSRC
with other hybrid devices has been reported previously [5]. To the
best knowledge of the authors, the only other device that integrates
the use of combustion and solar is that proposed byMehos et al. [9].
However, the combustor for this device was proposed to be
mounted on the back of the cavity receiver, i.e. the device has two
separate chambers for the combustor and solar receiver. In contrast,
the HSRC uses the same chamber for both combustion and solar
heating. This device enables operation in three modes, namely
Solar-Only, Combustion-Only and Mixed-mode [7]. It has been
shown, with analytical modelling, that the device can be configured
to achieve similar efficiencies to that of either a solareonly cavity
receiver or a conventional boiler in their stand-alone modes of
Nomenclature
_Q heat transfer rate (W)
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J.H. Lim et al. / Energy 116 (2016) 735e745736operation under steady-state conditions [7]. However, when ac-
counting for the variability of the solar resource, the HSRC has been
estimated to lower the cost of LCOE compared with a reference
Solar Gas Hybrid (SGH) that uses a separate solar-only cavity
receiver and a backup boiler, by up to 17% for a 100MWth receiver
size depending on the price of fuel and thermal storage capacity.
Nevertheless, no previous assessment has considered the need to
incorporate low-NOx technology, which will be necessary to avoid
the otherwise high emissions from conventional combustion that
contributes to acid rain and photochemical smog [10]. Low NOx
technology is particularly important for the HSRC because its heat
recovery system generates higher temperatures than a boiler in
both the Combustion-Only and theMixed-modes of operation [6,7].
Therefore, it is desirable to develop a configuration of the HSRC
with low NOx emissions.
The process of integrating combustion into a solar receiver will
inevitably increase the weight of the device, since the HSRC in-
corporates an additional heat exchanger to recover heat from the
combustion products, together with the combustion equipment.
Furthermore, the addition of a conventional flame into a cavity
receiver will increase its length due to the lower heat transfer from
a flame relative to concentrated solar radiation [7]. For example,
previous analysis has found that the optical length to cavity
diameter ratio, LC/DC z 5 to 6 for a conventional flame, which is
near double that for a solar-only device [7]. This leads to a relatively
high cost in construction when accounting for both the HSRC and
the tower relative to a stand-alone solar system, although this is
more than offset by the avoidance of a boiler [5]. Nevertheless, it is
desirable to develop a configuration of a more compact HSRC
without significantly affecting the overall efficiency and thermal
performance.
A potential approach to address the aforementioned issues is to
employ MILD combustion within the HSRC. MILD combustion is a
rapidly developing technology, which is based on the principles of
heat and flue gas recirculation. This innovative combustion process
has been widely shown to offer many significant potential benefitsover conventional combustion [11e19]. These are a reduction in
NOx emissions by up to 70% relative to conventional combustion,
high thermal efficiency, increased thermal field uniformity,
enhanced combustion stability and broad fuel flexibility [12,14]. For
these reasons, this combustion regime also offers the potential to
increase the compactness of the combustor and fuel savings.
However, no previous assessment of the potential benefits of
incorporating MILD combustion into the HSRC has yet been re-
ported. The aim of the present paper is therefore to meet this need.
Several groups have reported that MILD combustion produces a
higher heat flux than a conventional flame counterpart [14e17,20].
Nevertheless, the extent to which this effect is general is not yet
known because the heat transfer from a flame depends on many
parameters, particularly on the amount of soot that typically
dominates the emissivity of the flame, but depends non-linearly on
the turbulent mixing parameters that control composition, strain
and residence time. Weber et al. has reported that their MILD
combustion system approached a well-stirred reactor for oxygen
concentrations in the furnace of 2%e3% [16]. The authors note that
this uniformity in heat flux is often desirable and often cannot be
met with a conventional combustion configuration. Cavaliere and
de Joannon [14] deduced that the radiative heat transfer in MILD
combustion can be significantly different from a conventional
combustion process due to the dilution of the gases containing
carbon dioxide and water. These species increase the infrared
radiative flux, which contributes to higher heat transfer in the
oxidation zone [14]. Similarly, Tsuji et al. claimed that in MILD
combustion the radiation heat transfer increases by more than 30%
under the conditions of high preheated air temperatures of around
1270 K [17]. It has also been reported that MILD combustion ach-
ieves a higher thermal efficiency relative to conventional com-
bustion, that can result in a 25% reduction in the physical size of a
furnace [17]. This was attributed to the more uniform furnace
temperatures that reduce the irreversible losses associated with a
conventional combustion process [20]. Although the peak tem-
perature of MILD combustion is lower than conventional
J.H. Lim et al. / Energy 116 (2016) 735e745 737combustion, MILD combustion has been reported to enable a
smaller furnace due to the higher irradiative heat transfer [17].
Based on the broad consensus that MILD combustion offers the
potential to increase heat transfer over conventional combustion, it
is therefore desirable to develop HSRC configurations that can
achieve this combustion regime.
For the reasons described above, the aim of the present inves-
tigation is to assess the potential advantages and disadvantages of
the use of MILD HSRC technology over conventional combustion
within a hybrid solar thermal-combustion system. In particular, it
aims to compare the technical and economic performance of this
device against the HSRC operating with conventional combustion
and the SGH based on the assumption that the detailed configu-
ration of the device can be optimised to achieve the performance of
MILD combustion reported elsewhere in the literature.2. Device configuration
The proposed configuration of the MILD HSRC is shown in Fig. 1.
This device incorporates a tubular solar cavity receiver, integrated
with a combustor and air preheater to achieve the MILD combus-
tion regime. Concentrated solar radiation, when it is available at
sufficient intensity, enters the device via the aperture and heats the
receiver tubes carrying a heat transfer fluid. In the present analysis,
the heat transfer fluid is assumed to be molten salt because it is
used widely in the CSP industry [21] and its properties are well
known [22]. Here we analyse the case in which the heat is used to
generate electricity, although it could also be used for other ap-
plications. When the solar flux is below its minimum useful
threshold, the aperture of the MILD HSRC can be closed to enable
the device to operate in the Combustion-Onlymode. The device can
also be operated in a Mixed-Mode, in which both solar and MILD
combustion are used simultaneously. A counter-flow heat
exchanger, HX, system is incorporated into the device to recover
sensible heat from the hot combustion products. The same device is
also used to recirculate a fraction of the hot combustion products to
achieve both a high temperature and strong dilution of the air. Fig. 2
shows the HSRC operating with conventional combustion. TheFig. 1. The Hybrid Solar Receiver Combustor (HSRC) configured to operate in the MILDmain difference between the two configurations is in the heat re-
covery section of the device. The HSRC operating with conventional
combustion sends all of the hot exhaust through the HX while, for
the MILD HSRC, some of the combustion products are directly
mixed with the heated combustion air to further preheat and dilute
the combustion air prior to directing it to the combustor. In the
present study, both configurations employ only a counter-flow HX
configuration (in contrast to previously reported configurations
[6,7]), to ensure that the comparison of the two combustion modes
is performed with the same configuration of HX.3. Methodology
The present model employed to analyse performance is an
extension of the previously developed analytical models of Lim
et al. [7,8], which employ multiple time-steps in a piecewise-
continuous time series. The previous analytical model was vali-
dated to first order accuracy in the Solar-Only and Combustion-
Only modes of operation by adapting the model to match those
of the solar cavity receiver of Li et al. [23] and employed standard
and well known heat transfer coefficients that were adapted to suit
the shape of the HSRC [7]. The model was also verified to ensure
that the flows of power during dynamic operation are consistent
with expectation [8]. This model has been adapted for the
Combustion-Only mode to accommodate MILD combustion.
Although the heat transfer coefficients for MILD combustion have
not been reported previously and are also expected to depend on
the details of the configuration, it is reasonable to assume that the
heat transfer for MILD combustion is not worse than that of con-
ventional combustion based on previous experimental measure-
ments cited above [17]. Various authors reported that the heat
transfer improved when operating in the MILD regime for certain
furnace configurations by up to 30% [12,14,17]. On this basis, the
influence of heat transfer coefficients was assessed by a sensitivity
study that varied the extent of the heat transfer improvement (HTI)
due to MILD combustion over the range of 0%e30%.
The total thermal output from the heat transfer fluid within the
HSRC was set to be 30MWth on the basis that this is the typicalcombustion regime, with a counter-flow heat exchanger for the combustion air.
Fig. 2. Configuration of the Hybrid Solar Receiver Combustor operating with conventional combustion and a heat exchanger for the combustion air that operates only in the
counter-flow direction, in contrast to previously reported configurations [7].
J.H. Lim et al. / Energy 116 (2016) 735e745738value of the largest scale that is realistic for a cavity receiver,
following Lim et al. [7].
The recirculation of hot combustion products may impose lim-
itations on the materials used to construct the HSRC, in particular
for the tubes carrying the hot combustion products. The typical
maximum operating temperature of materials varies. For these
reasons, a systematic assessment was performed of the use of
different types of widely employed high temperature materials [24]
as shown in Table 1.3.1. Criteria to define MILD combustion regime
A study was performed to ensure that the conditions required to
achieve MILD combustion can be met with the proposed configu-
ration of HSRC, based on the definition of Cavaliere and de Joannon
[14]. In particular, MILD combustion occurs when the inlet tem-
perature of the reactant mixture, Tinlet, is higher than the mixture
self-ignition temperature, Tselfig[14,17]. Here, we consider the case
inwhich natural gas is used as the fuel, so that Tselfig¼ 810 KK [25].
In addition, it is required that the reacting mixture is highly diluted
(to below the flammability limits), i.e. the local oxygen concentra-
tion is lower than 10% (typically 3e5%) by volume [11]. Another
parameter required to be achieved for MILD combustion is that the
maximum allowable temperature increase with respect to the inlet
temperature, DT ¼ Tflame  Tcombair , during combustion is lower
than Tself. This is one of the most widely accepted criteria for MILD
combustion, for the case where the furnace is assumed to be awell-
stirred reactor for the mixture of preheated air diluted with hotTable 1
Selected high temperature materials assessed for potential use in the heat
exchanger for the combustion air within the Hybrid Solar Receiver Combustor
[24].
Material Highest operating temperature (K)
Incoloy800 1366
SS304 1173
Inconel600 1485combustion products (from the HX) and the fuel [11,16,26,27]. The
analytical model adopts this assumption and it also assumes that
the fuel-air jet momentum ratio is sufficiently high to achieveMILD
combustion [12,16]. These assumptions are made following the
work of Weber and Dugue whose furnace configurations have
distinct similarities to that of the HSRC in that they employ vitiated
air at high temperature as the oxidant stream, have a similar
furnace shape, and employ similar arrangements for the inlet and
outlet streams [16,28]. Table 2 summarizes the parameters required
for MILD combustion to occur.3.2. Model development
The present model was used to calculate the heat transfer, mass
flow rates and energy into and out from a series of control volumes
at steady state for each time-step in a time-series. Each term is
described with a mathematical equation with a mass and energy
balance calculated for the Combustion-Onlymode of operation. The
model for the Solar-Onlymode of operation is unchanged from that
reported previously [7].
Figs. 3 and 4 present the energy flows for theMILD HSRC and the
HSRC operating with conventional combustion in the Combustion-
Only mode of operation. The thermal inputs comprise the fuel and
air, _Qfuel;in and _Qair;in , which react to heat the receiver tubes con-
taining the heat transfer fluid (molten salt) with the aperture
shutter closed to avoid unnecessary losses. The gaseous combus-
tion products are then passed through a HX, which recovers a
fraction of the sensible exhaust heat, _Qgas;out , by preheating theTable 2
Parameters required to achieve Moderate and Intense Low oxygen Dilution (MILD)
Combustion based on previous work.
Parameters required for MILD combustion Value Reference
Local oxygen concentration in furnace 3%e10% [11]
Tinlet >Tselfig [14,17]
DT ¼ TflameTcomb <Tselfig [14]
Fig. 3. Energy balance for the MILD HSRC (Combustion-Only mode) with boundary of
the control volume.
Fig. 4. Energy balance for the HSRC operating with conventional combustion (Com-
bustion-Only mode) with boundary of the control volume [7].
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effectiveness of the HX (refer to Section 2 for HX configuration). The
losses from the system are assumed to comprise a radiant and a
convective term through the burner nozzle, _Qnoz;loss, wall losses,
_Qwall;loss , sensible heat in the exhaust, _Qex , and the parasitic losses
required to operate the pumps and fans, _Wfanþpump. The heat from
the heat transfer fluid, _Qrec;out , is transferred to the electrical power
generating system to produce electricity, _Welec;net .
The total amount of power supplied by the fuel is calculated as
follows:
_Qfuel;in ¼ _Qrec;out þ _Qwall;loss þ _Qnoz;loss þ _Qex  _Qair;in; (1)
where further details of the definitions of the terms _Qwall;loss ,
_Qnoz;loss , _Qex, and _Qair;in can be found in the investigation of Lim







The term (GS1)R is defined as the total exchange area between
the combustion gases and the receiver tubes in radiative equilib-
rium (for which the incoming and out-going radiative heat fluxes












Natural gas was assumed to be used as the fuel due to its wide
availability [30]. The pressure inside the HSRC during Combustion-
Only mode was assumed to be close to atmospheric pressure [6].
The gas emissivity, εgas, was calculated as a function of the gas
temperature and partial pressures of O2 and CO2 following Modest





Here, Atube,rec and Aint HSRC are the total area of the receiver tubes
and the internal surface of the HSRC, respectively.
A split ratio, S, which is defined by the ratio of the mass flow rate
of hot gaseous combustion products recirculated to the combustion
mixture, to the mass flow rate of hot gaseous combustion products
to the exhaust outlet via the HX, is introduced:
split ratio ðSÞ ¼ _mrecir
_mex
(5)
Calculations were made to ensure that the level of dilution
achieves the MILD parameters stated. In the analysis performed,
the value of S was varied systematically ranging from 50:50, 60:40,
75:25, and 90:10 to determine if MILD combustion can be achieved,
and how this value affects the performance of the device.
The split ratio affects the mass flow rates of the fuel, air and
combustion products in the device. An iteration process was per-
formed to ensure that the mass flow in the device is balanced:
_mgas;out ¼ _mrecir þ _mex ¼ _mfuel þ _mair (6)
_mfuel is found from using _Qfuel;in calculated from (1), with the
following equation:
_Qfuel ¼ _mfuel  LHVfuel; (7)
where LHVfuel is the lower heating value of the fuel, assumed to be
natural gas [33].
To calculate the mass flow rate of fuel and the oxygen concen-
tration in the device, the chemical equation of the reaction of
natural gas and air is first listed as follows (assuming complete
combustion):
C1:16H4:32 þ 2:24O2 þ 8:42N2/1:16CO2 þ 2:16H2Oþ 8:42N2
(8)
Based on this equation, the percentage of oxygen can be esti-
mated from the known mass flow rate of fuel. An excess air of 11%
was assumed in the model, to fix the equivalence ratio, f ¼ 0.9. The
stoichiometric air to fuel ratio and subsequent air to fuel ratio was
























whereMWair andMWfuel represents themolecular weight of air and
fuel respectively, a ¼ x þ y/4, where x ¼ 1.16 and y ¼ 4.32 from
equation (7).
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fuel ratio above.






where _Qrec;out and _Qfuel;in are defined above.
The effectiveness-NTU method was applied when performing
calculations for the HX component in the HSRC, similar to the
previous work by Lim et al. [7]. This method is required for the
exhaust gas temperature, Tex, to be calculated as follows:




where _QHX is the heat transfer rate for the fully counter-flow HX
and is defined as:
_QHX ¼ εHX _Qmax: (13)
The term εHX in equation (13) is the effectiveness of the HX,
obtained from Bergman et al. [32], while _Qmax is defined as the
maximum heat flux rate:
_Qmax ¼ Cmin

Thot gas;out  T∞

; (14)
where Cmin is the lesser of the heat capacity rates, Ch and Cc, both
defined as follows:
Cc ¼ _mair;inCp;c; (15)LCOEoverall ¼
P




 (19)Ch ¼ _mgas;outCp;h: (16)
Similarly, the temperature of the combustion air, Tcombair, was
found using the approach as above. The temperature of the HX, THX,
was calculated as the average between the temperature of Tcombair
and Tex.
Another factor that needs to be considered is the pressure drop
through all the tubes in the device, which was calculated following







ðx2  x1Þ: (17)
This formula accounts for the friction factor, f, a dimensionless
pressure drop for internal flow and can be obtained from Bergman
et al. [32], density, r, andmean velocity, um of the heat transfer fluid
or flue gas, and the length (the term x2 e x1 represents the overall
length of the tube) and diameter, D of the tube. The calculated
pressure drop was used to estimate the parasitic power require-
ment for the fans and pumps. This was done by multiplying the
pressure drop with the volumetric flow rate of the heat transfer
fluid or flue gas [32]:_Wfanþpump ¼ ðDPÞ _Vfluid: (18)
Both analytical models were then extended to include other
components of a power plant such as hot and cold storage tanks, a
steam generator, and an electrical power generating system. Fig. 5
presents a schematic diagram for the SGH system. The boiler pro-
vides heat to the Electrical Power Generating System, at times
when heat is unavailable from either the solar resource or the
storage tank, following the work of Kueh et al. [3]. Concentrated
solar radiation from the heliostat field, _Qhelio, is introduced to the
solar cavity receiver providing heat to the heat transfer fluid. The
heat from the receiver _Qrec;out is stored in the hot storage tank and
utilised by the steam generator when required. If the amount of
heat exceeds the storage limit, the remainder is dumped, the value
of which is denoted _QtankðhotÞ;dump.
Fig. 6 presents a schematic diagram of the HSRC device imple-
mented into a power plant system. The main difference between
this system and the SGH (Fig. 5) is the integration of the solar-only
cavity receiver and boiler.3.3. Economic analysis
The economic analysis follows that of Lim et al. [8]. The Lev-
elized Cost of Electricity (LCOE) was calculated for both HSRC
concepts as implemented in a power plant, relative to a reference
case termed the Solar Gas Hybrid (SGH), which is a system with a
separate solar-only cavity receiver and a boiler backup for the
electrical power generating system.
The LCOE was calculated using the following formula from In-
ternational Energy Agency (IEA):where t represents the year; Investt is the investment cost in year t;
O&Mt represents the operations and maintenance costs for year t;
Fuelt is the cost of fuel for year t; Carbont is the cost of carbon
emissions (e.g. from a carbon tax) for year t; Decomt represents the
decommissioning cost of the power plant for year t; r in the term
(1 þ r)t is the discount factor for year t; and Elect is the amount of
electricity produced in year t. The life of the plant was assumed to
be 30 years, following Nathan et al. [5] and Lim et al. [8,35]. In
addition, the present comparison ignores the costs of carbon
emissions and decommissioning as well as inflation [5]. The dis-
count factor was assumed to be equivalent to the assumed internal
rate of return of 10% over the project life [8].
Table 3 presents the values and correlations used in the cost
estimations. Since the assessment is only a relative comparison
between the HSRC concepts and the SGH, the values used are
reasonable and also avoid the challenge of obtaining absolute
values for a particular site.
One of the cases studied by Lim et al. was repeated for the MILD
HSRC, the details of which are listed in Table 4[8].4. Results and discussion
Fig. 7 presents the dependence of the oxygen concentration (by
Fig. 5. Schematic diagram of the power flows through the Solar Gas Hybrid, SGH, system [8].
Fig. 6. Schematic diagram of the power flows through the Hybrid Solar Receiver Combustor, HSRC, system [8].
Table 3
Values and correlations used to calculate the Levelized Cost of Electricity, LCOE (US dollars).
Component cost Correlation/value Unit Reference
Heliostats 216 $/m2 [21]




HSRC 2 3:52 _Q0:44rec;max $M [7]
Tower 0:0305 _Qrec;max þ 0:961 $M [21]
Thermal storage 0:0153 _Qsto þ 0:502 $M [21]













Solar field 1:88 Ahelio þ 0:189 $M/yr [21]
Plant 0:0151 _Welec;net þ 2:92 $M/yr [21]
Fuel cost (Natural gas) 3 $/GJ [37]
Levelized cost calculation parameters
Internal rate of return 10%
Plant life 30 years
J.H. Lim et al. / Energy 116 (2016) 735e745 741volume) within the HSRC on the value of the split ratio, S. The
oxygen concentration was found to be one of the main parameters
that changes with S. It was found that, for MILD combustion tooccur, at least 50% of the exhaust gases need to be recirculated
(S ¼ 50:50) to avoid oxygen concentrations higher than the upper
limit of 10%, while a value higher than ~90% exhaust gas
Table 4
Parameters for the case study performed for the conventional and MILD HSRC









Fig. 7. The dependence of the oxygen concentration (% by volume) on the split ratio
(the ratio of hot exhaust gases to the combustion mixture to the ratio of hot exhaust
gases to the exhaust outlet via the heat exchanger) for the MILD HSRC for an overall
output of 30MWth. Also shown is the maximum and minimum oxygen concentration
required for MILD combustion.
Fig. 8. Effect of varying LC/DC on the combustion air temperatures for an overall output
of 30MWth. Results are reported for the MILD HSRC configuration (HTI 0% represents
heat transfer improvement of 0%) for split ratios of S ¼ 75:25, S ¼ 60:40 and S ¼ 50:50.
Tselfig,fuel represents the self-ignition temperature of the fuel, i.e. natural gas.
Fig. 9. The effect of varying the LC/DC on the estimated temperature of the heat
exchanger (THX). Also shown is the maximum operating temperature of selected high
temperature materials. Results are reported for the MILD HSRC configurations (HTI 0%
represents heat transfer improvement of 0%) for split ratios of S ¼ 75:25, S ¼ 60:40 and
S ¼ 50:50.
J.H. Lim et al. / Energy 116 (2016) 735e745742recirculation (S ¼ 90:10) will result in the oxygen concentration
being less than the lower limit of 3% [12]. Hence, for all the
following results presented, the MILD HSRC is assumed to be
operating with a split ratio of either 75:25, 60:40 or 50:50.
Fig. 8 presents the combustion air temperatures for all the cases
of MILD HSRC with and without HTI as a function of the length to
diameter ratio of the chamber, LC/DC, for the cases of S ¼ 75:25,
S ¼ 60:40 and S ¼ 50:50. For a fixed cavity diameter, Dc, of 3 m, it
can be seen that the combustion air temperatures are higher than
the mixture self-ignition temperature for all scenarios. The lowest
combustion air temperature of around 948 K is calculated to occur
for the MILD HSRC e HTI 30% case at an LC/DC ratio of 7 and
S ¼ 50:50, which is still higher than Tselfig ¼ 810 K for natural gas.
Therefore, this shows that the configuration of the device satisfies
this requirement to achieve MILD combustion for all cases of LC/DC
and for S ¼ 75:25, S ¼ 60:40 and S ¼ 50:50.
Fig. 9 presents the effect of varying LC/DC on the calculatedmean
operating temperature of the HX component, THX in the HSRC,
relative to the maximum operating temperature of selected high
temperature materials for the cases of S ¼ 75:25, S ¼ 60:40 and
S ¼ 50:50. The value of S has a modest, but significant, influence on
THX, which is calculated to be the highest for the case of S ¼ 50:50,
followed by S ¼ 60:40 and S ¼ 75:25 due to the higher mass flow
rate of the exhaust gases. In general, it is evident that, for the cases
of LC/DC>2.2 and LC/DC>2.5, THX does not exceed the maximum
temperatures of Inconel 600 and Incoloy 800, respectively, while
for the case of LC/DC > 3.5, SS304 is safe to be used, for all cases of
HTI. It is also important to note that the external walls of the device
are assumed to be heavily insulated with ceramic fibre and clay, as
per the previous work by Lim et al. [7]. These materials are able to
withstand very high temperatures of up to 1500 K and 2050K
respectively, which are both considerably higher than the wall
temperatures estimated in the device. It is also worth noting that
the tubes have been configured to account for thermal expansion of
the different materials.
Fig. 10 presents the maximum calculated increase in tempera-
ture from the MILD reaction process, DT , which must be lower than
the mixture self-ignition temperature, Tselfig, to achieve MILD
combustion. This is shown for all the cases of MILD HSRC with and
without HTI as a function of LC/DC for the cases of S ¼ 75:25,
S ¼ 60:40 and S ¼ 50:50. From the results shown in Fig. 9, this isFig. 10. Effect of varying LC/DC on the maximum allowable temperature increase with
respect to the inlet temperature, DT, for an overall output of 30MWth. Results are re-
ported for the MILD HSRC configurations (HTI 0% represents heat transfer improve-
ment of 0%) for split ratios of S ¼ 75:25, S ¼ 60:40 and S ¼ 50:50. Tselfig,fuel represents
the self-ignition temperature of the fuel, i.e. natural gas.
Fig. 11. The effect of varying Lc/Dc on the parasitic power requirements for the fan and
pump with the MILD HSRC configuration, for an overall output of 30MWth. The Heat
Transfer Improvement (HTI) from the MILD combustion regime is systematically varied
for split ratios of S ¼ 75:25 and S ¼ 60:40.
Fig. 12. Effect of varying LC/DC on the overall thermal efficiency for an overall output of
30MWth. Results are reported for both the Hybrid Solar Receiver Combustor (HSRC)
configurations (HTI 0% represents heat transfer improvement of 0%) for split ratios of
S ¼ 75:25 and S ¼ 60:40.
Fig. 13. Effect of varying LC/DC on the mass flow rate of fuel for an overall output of
30MWth. Results are reported for both the Hybrid Solar Receiver Combustor (HSRC)
concepts (HTI 0% represents heat transfer improvement of 0%).
Table 5
Parameters employed for the economic analysis of the selected
configuration of the MILD HSRC.
Parameters Value
Length of cavity, LC 12 m
Diameter of cavity, DC 3 m
LC/DC 4
Size of HX pipes
Outer diameter 101.6 mm
Thickness 4.2 mm
Size of pipes carrying working fluid
Outer diameter 60 mm
Thickness 5.5 mm
Split ratio, S 75:25
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MILD HSRC e HTI 10% at an LC/DC ratio of 2 and S ¼ 50:50. It is also
evident that DT is lowest for the case of S ¼ 75:25 followed by
S ¼ 60:40 and S ¼ 50:50. Following this, further assessments only
consider the cases of S ¼ 75:25 and S ¼ 60:40.
Fig. 11 presents the dependence of the parasitic power re-
quirements for the fan and pump, to operate the device in the MILD
combustion regime, as a function of LC/DC for the case of S ¼ 75:25
and S¼ 60:40. It can be observed that this power decreases with an
increase in LC/DC, with a larger gradient from LC/DC ¼ 2 to LC/DC ¼ 3
for all cases of HTI. More importantly, these power requirements
calculated are relatively low, ranging from 0.1% to 1% of the overall
useful thermal output of the device for all cases of heat transfer
improvement. This also means that the size of the tubes chosen for
the HX and heat transfer fluid are reasonable (HX tubes are
101.6 mm with a thickness of 4.2 mm while the heat transfer fluid
tubes are 60 mmwith a thickness of 5.5 mm). These pipe sizes are
therefore chosen as a reference case for all of the following analysis.
Fig. 12 presents the efficiency achieved with both the HSRC
configurations as a function of the length of the chamber for the
cases S ¼ 75:25 and S ¼ 60:40. In general, the efficiency of thedevice increases for all cases with an increase in LC/DC. For the HSRC
operating with conventional combustion, the efficiency ranges
from 59% to 89% for LC/DC ratios of 2e7 with a constant chamber
diameter of 3 m. Significantly, even for the MILD HSRC with
HTI ¼ 0%, it can be seen that MILD combustion increases the
thermal efficiency due to its lower mass flow rates of exhaust gases.
It is also evident that the thermal efficiency for the case of
S ¼ 75:25, is slightly higher than that for S ¼ 60:40 for the same
reason. As the heat transfer performance is increased, less fuel is
required to achieve the target thermal output. This results in a
higher efficiency for the MILD HSRC than for the conventional case
by up to 19% for the lower LC/DC ratios. Both the HSRC devices
achieve thermal efficiencies similar to that of a conventional boiler
for LC/DC ratios between 3 and 4.
Fig. 13 presents the total mass flow rate of fuel required to
achieve the required thermal output. In general, the mass flow rate
of fuel decreases with an increase in LC/DC because the efficiency
and heat recovery increases with length. The percentage difference
between the mass flow rate of fuel also increases with an increase
in LC/DC, by up to 41% for the case which HTI ¼ 30% for MILD
combustion.
Table 5 presents the parameters of the selected configuration of
theMILDHSRC based on the previous analysis used in the following
economic analysis.
The MILD HSRC with LC/DC ¼ 4 was selected for further analysis
of the economic benefits of this device relative to the HSRC oper-
ating with conventional combustion and also with the reference
case of SGH. This length is consistent with the analysis from Lim
et al. who found that the LC/DC ratio of device should be ~4 in the
Solar-Only mode of operation to avoid exceeding the temperature
Fig. 14. The overall Levelized Cost of Electricity (LCOE) for both the Hybrid Solar
Receiver Combustor (HSRC) concepts, i.e. HSRC configured for conventional combus-
tion and the MILD HSRC, and the Solar Gas Hybrid (SGH) for the case of 5 h of thermal
storage capacity at the site of Daggett for a receiver size of 30MWth.
Fig. 15. The overall Levelized Cost of Electricity (LCOE) for both the Hybrid Solar
Receiver Combustor (HSRC) concepts, i.e. HSRC operating with conventional combus-
tion and the MILD HSRC, and the Solar Gas Hybrid (SGH) for the case of 5 h of thermal
storage capacity at the site of Daggett for a receiver size of 100MWth.
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crease both the weight and cost of the device [7,8].
Fig. 14 presents the LCOE of all the HSRC concepts analysed here.
It can be seen that the MILD HSRC decreases the LCOE by up to 3.5%
more than the HSRC relative to the conventional hybrid, depending
on the magnitude of the HTI achieved in practice. Relative to the
equivalent SGH system, the MILD HSRC reduces the overall LCOE by
up to 6%. The comparison between the HSRC and the SGH are
consistent with those reported by Lim et al. [8], noting that their
data were reported for a receiver size of 100MWth.
The same analysis was repeated for a receiver size of 100MWth
as per Fig. 15 at constant LC/DC following the previous work of Lim
et al. [8]. It can be seen that the LCOE ofMILD HSRC is lower by up to
6% relative to the HSRC operating with conventional combustion,
and up to 17% relative to the reference case SGH. Also important to
note is that the overall LCOE for all the systems analysed are lower
than that of the 30MWth which confirms that the technology takes
advantage of economies of scale, as reported by both Nathan et al.
[5] and Lim et al. [8].5. Conclusions
The economic performance of a direct hybrid between a solar
cavity receiver and a combustor is found to be improved with the
use of MILD combustion instead of conventional combustion. The
key findings from the analytical assessment are as follows:
 A configuration of MILD HSRC has been identified that can
achieve the requirements needed to establish the MILD com-
bustion regime. That is, it can achieve (assuming complete
mixing between natural gas and air), average oxygen concen-
trations lower than 10% by volume (and typically 3e8%) and
local temperature greater than the self-ignition temperature of
natural gas;
 The split ratio, i.e. the ratio of hot exhaust gases directed to-
wards the combustion mixture to the ratio of hot exhaust gasesdirected towards the exhaust outlet via the HX, is a key
parameter that influences the level of dilution (and hence, the
oxygen concentration) and the temperature of the preheated
air/combustion products stream prior to entering the device.
The optimal value of the split ratio, S, to achieve an oxygen
concentration of 5e8% by volume, was found to be in the range
of approximately 75:25 to 60:40;
 The length of the cavity relative to its diameter, LC/DC, was found
to be able to be reduced relative to the conventional combustion
case by some 25%. A value of LC/DC z 4 was found to achieve a
high thermal efficiency, which is comparable to that of a con-
ventional boiler, for the present configuration and scale of
30MWth. This ratio also allows standard materials to be used
(SS304), instead of special high temperature materials. It is also
worth noting that the optimal range of LC/DC will also depend on
the nature of the fuel.
The key potential benefits of the MILD HSRC are estimated to be
as follows:
 Fuel savings of up to 41% relative to the HSRC operating with
conventional combustion, depending on the magnitude of the
heat transfer improvement (HTI) relative to conventional com-
bustion (noting that this range of improvement is based on
experimentally reported values). This corresponds to an esti-
mated reduction in LCOE of up to 4% for a receiver size of
30MWth. When compared with the reference Solar Gas Hybrid
(which employs a separate boiler), the LCOE is reduced by up to
6%. For a receiver size of 100MWth, the percentage reduction in
LCOE is greater, corresponding to up to 6% and 17% relative to the
HSRC operating with conventional combustion and SGH
respectively. These percentage reductions in LCOE will increase
with the price of fuel.
These results justify the on-going development of the MILD
HSRC configuration.
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Abstract 
This paper assesses the influence on techno-economic performance of modularising hybrid 
Concentrating Solar Power (CSP) systems with fossil fuel backup for both a Hybrid Solar 
Receiver Combustor (HSRC), which integrates a combustor into a solar cavity receiver, and a 
Solar Gas Hybrid (SGH) system with a similar cavity receiver and a back-up boiler. It was 
found that the energy losses in a system of small-sized modules, which employs molten salt as 
its heat transfer fluid (HTF), are dominated by trace heating owing to the increased piping over 
their larger receiver counterpart. However, this can be reduced significantly by using 
alternative HTFs with a lower melting point such as sodium. In addition, for modularisation to 
be cost effective requires it to also enable access to alternative, lower-cost manufacturing 
methods. That is, the benefit of standard learning rates is insufficient to lower the LCOE on its 
own. For a plant with 30 units of 1MWth modules the LCOE is competitive, relative to a single 
unit of 30MWth, after ~10 plants are installed if the modularised components (i.e. heliostats, 






?̇?   heat transfer rate (W) 
?̇?   work rate = power output (W) 
Greek Symbols 
𝜀   experience parameter 
Abbreviations 
CSP   Concentrating Solar Power 
EPGS   Electrical Power Generating System 
HSRC   Hybrid Solar Receiver Combustor 
HTF   Heat Transfer Fluid 
IEA   International Energy Agency 
LCOE   Levelized Cost of Electricity 
SG   Steam Generator 
SGH   Solar Gas Hybrid 
Subscripts 
air   air from surrounding  
ap   aperture 
boil   boiler 
cap   capacity 
comb   combustion air 
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conv   conventional 
crit   critical or threshold value 
cum   cumulative 
decom   decommissioning 
dump   dumped 
elec   electric al  
exh   exhaust 
gas   hot gases from combustion 
gen   generator 
helio   heliostat 
int   internal 
invest   investment 
mat   material 
max   maximum 
min   minimum 
mod   modular 
Na   liquid sodium 
noz   nozzle opening losses 
rec   solar receiver 
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salt   molten salt 
sec   secondary air 
sol   solar 
stm   steam 
sto   storage 
t   time (years) 
th   thermal output 
trace   trace heating 
use   useful 
wall   wall losses 
1.0 Introduction 
There is a growing interest in modular electrical power systems with distributed and off-grid 
power generation as a potential method to lower the cost of renewable electrical energy 
generation and thereby increase its penetration [1]. Smaller modules of solar power generation 
also tend to be particularly attractive for off-grid applications, where fossil fuelled systems lose 
the comparative advantage associated with economies of scale [1]. One of the renewable 
energy technologies under development is Concentrating Solar Power (CSP) technologies, 
which offer the comparative advantage of low cost energy storage, owing to the lower cost of 
thermal storage over electrical storage [2]. However, to provide a firm, continuous supply of 
electricity throughout the year, the size of storage becomes very large, with one study 
estimating up to 10 days capacity, even for sites with high average annual solar resource [3]. 
The cost of such large thermal storage capacities is expected to be prohibitive [4]. As a result, 
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hybridization of solar thermal power systems with combustion is likely to offer a lower cost 
approach to maintaining supply, with the fuel coming from fossil resources in the short term 
and alternative low-net-CO2 in the longer term. However, little information is available of the 
economics of modular hybrid CSP systems. 
One hybrid technology of interest is the Hybrid Solar Receiver Combustor (HSRC), recently 
proposed by Nathan et al. [5]. The HSRC concept is based on combining the functions of a 
solar-only cavity receiver and a combustor into a single component. This integration was found 
for a single tower system to reduce the overall LCOE relative to its nearest equivalent system, 
the Solar Gas Hybrid (SGH), by up to 17% depending on the price of fuel, for a 100MWth 
receiver size [6]. This estimate was based on an analytical model of heat transfer with energy 
balance equations [7], together with a piecewise-continuous (i.e. pseudo-dynamic) model that 
accounts for solar variability on performance [6]. Lim et al also found that of the HSRC reduces 
the net fuel consumption relative to the SGH by 12% to 31% depending on the size of thermal 
storage capacity, predominantly due to the HSRC avoiding the start-up and shut-down losses 
of the backup boiler for the SGH [6, 8]. Since this technology is particularly robust and can 
potentially be configured in different sizes [9], it is of interest to analyse the techno-economic 
implications of modularising the HSRC system relative to its equivalent SGH. Hence, this 
paper aims to estimate the LCOE of several modular units of the HSRC as compared with a 
single unit of the HSRC for the same power block size comparing these systems to their 
equivalent counterparts. 
Modular systems are being introduced in power generation technologies including wind 
turbines, solar PV, CSP [1, 10] and nuclear reactors [11, 12]. This is driven by the potential to 
lower the cost by mass production of standardized components of much smaller scale. Other 
advantages are claimed with the use of lower-cost materials [13], which offers the potential for 
additional options to identify the economic optimum in LCOE. The complexity and technical 
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challenges of construction are also lower for smaller/modular CSP systems [14].  In addition, 
for a large power plant with multiple modules, there is no need to shut down the entire plant in 
the event where there is a problem with one of the modules. This provides greater flexibility 
when operating a power plant. Another potential advantage is that the power station can be 
constructed in stages, therefore allowing cash-flow to be generated in stages [15]. Nevertheless, 
these potential advantages must be compared against the disadvantages that include an increase 
in operations and maintenance (O&M) costs, an increase in the number of components, and an 
increase in the thermal and parasitic losses due to an increase in surface area to volume ratio 
associated with reduced thermal scale of the components. However, to our knowledge, no 
assessment of the direct economic merit of modularisation of hybrid CSP plants has been 
reported. Therefore, the paper aims to evaluate the trade-off between the aforementioned pros 
and cons for modular hybrid CSP systems. 
In light of the discussion above, the first aim of the present investigation is to extend the 
pseudo-dynamic model of the HSRC and SGH developed previously for the evaluation of 
modules of different sizes. The next aim is to estimate the dominant losses associated with both 
types of modular hybrid CSP systems. The third aim is to assess the economic trade-off 
between these losses and lower manufacturing costs due to improved learning/cheaper 
materials for both modular HSRC and SGH systems.  
2.0 Methodology 
The pseudo-dynamic model of by Lim et al. [6], written in Matlab, was extended to assess the 
modularisation of selected components in the HSRC and SGH systems. It calculates the 
pseudo-dynamic performance of each system by assuming steady-state operation at each time-
step from a time-series of hourly Direct Normal Irradiation data. The model developed has 
been previously verified to show that the dynamic response of the system to various time-series 
is consistent with expectation [6].  
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2.1 Site Selection 
The pseudo-dynamic model uses data from the National Solar Radiation Database and Bureau 
of Meteorology at selected sites from the USA and Australia respectively for the year 2000 to 
2004. In particular, the sites selected are Daggett (USA), Prescott Love Field (USA), Darwin 
(AUS) and Mildura (AUS) because of their have high average annual solar radiation [3]. Of 
these sites, Daggett has the lowest vulnerability to unscheduled reduction in output due to the 
variability in solar resource. Hence, this site was selected as a reference case for all of the 
calculations performed in this paper. 
2.2 System Components for Modularisation 
Figs. 1 and 2 present schematic diagrams of the modules of heliostat field and receiver that are 
combined to power a central power block for the HSRC and SGH power systems, respectively. 
The total number of modules, 𝑛𝑚𝑜𝑑, is varied over the range of one to 30. The HTF is also used 
as the thermal storage medium, with a hot and a cold storage tank. Power is assumed to be 
generated by a Rankine Cycle. A steam generator is used to transfer heat from the HTF to the 





Fig.1. Schematic diagram a modular system of the Hybrid Solar Receiver Combustor (HSRC) 
mounted on a solar power tower in a typical Concentrating Solar Power system. Here, EPGS 




Fig.2. Schematic diagram of a modular system of the reference Solar Gas Hybrid (SGH) case, 
where EPGS is the Electrical Power Generating System.  
2.3 Heat Transfer Fluid 
The reference heat transfer fluid (HTF) chosen for most assessments of both the HSRC and 
SGH systems was molten salt, because its properties are well known [16] and that the fluid is 
currently state-of-the-art and widely employed in the CSP industry [17]. However, molten salt 
is known to have undesirable properties which include a high melting temperature of ~220°C. 
To avoid the problems associated with solidification, electrical trace heating is typically used, 
resulting in significant parasitic losses. Hence, assessments were also performed with sodium 
as an alternative HTF, which has a melting temperature of ~97°C [18].  
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2.4 Pseudo-Dynamic Model 
Fig. 3 presents a schematic diagram of the modular HSRC system. Solar power is concentrated 
from the heliostat field, ?̇?ℎ𝑒𝑙𝑖𝑜, to the HSRC, which heats the HTF. The useful heat from the 
device, ?̇?𝐻𝑆𝑅𝐶,𝑜𝑢𝑡, is then stored in a hot storage tank, to be used in the steam generator when 
required. When the hot storage tank has reached its limit, the excess power is dumped 
(?̇?𝑡𝑎𝑛𝑘(ℎ𝑜𝑡),𝑑𝑢𝑚𝑝). This system differs from those in previous assessments on single-tower 
systems in the use of a long pipe transferring fluid between the receiver and the tank. 
 
Fig.3. The flow of power through the Hybrid Solar Receiver Combustor, HSRC, system 
where 𝑛𝑚𝑜𝑑 represents the number of modules.  
 
Fig. 4 presents a schematic diagram of the reference modular SGH system. The main difference 
between this system and the HSRC system is that the backup boiler is coupled into the system 
to provide heat to the Electricity Power Generating System (EPGS), when heat is not available 




Fig.4. The flow of power through the Solar Gas Hybrid, SGH, system where 𝑛𝑚𝑜𝑑 represents 
the number of modules. 
 
The design of HSRC was optimised separately for each of the scales selected assuming a 
constant length to diameter of cavity ratio, 𝐿𝐶/𝐷𝐶 , of five and constant velocity scaling to 
achieve a similar thermal performance to its 30MWth counterpart [7] following previous work 
by Weber and Breussin, and Hsieh et al [19, 20]. The trade-offs of scaling are accounted for by 
the correlations used in the economic assessment, which is presented in Section 2.7. Another 
parameter kept constant was the power block ratio, defined as the rated capacity of the hot 
storage tank to the receiver, 𝑃𝐵𝑅 =  
?̇?𝑡𝑎𝑛𝑘(ℎ𝑜𝑡),𝑚𝑎𝑥
?̇?𝐻𝑆𝑅𝐶,𝑚𝑎𝑥




= 0.8 for the reference case SGH. Also, the heliostat field was sized for each 
system based on the ratio of 
?̇?𝑡𝑎𝑛𝑘(ℎ𝑜𝑡),𝑑𝑢𝑚𝑝
?̇?𝑡𝑎𝑛𝑘(ℎ𝑜𝑡),𝑚𝑎𝑥 
 which was set to avoid more than 5% dumping of 
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the total power output from the hot storage tanks, as per the previous work by Lim et. al [6]. In 
addition, the capacity of the backup boiler for the SGH was set to 24MWth, operating with an 
efficiency of 80% [21]. This information is summarized in Table 1. 
Table 1. List of all the variables that were fixed in the assessments of modularisation. 
Fixed Variables Values 
𝐿𝐶/𝐷𝐶  ratio of solar-only cavity receiver and 
backup boiler 
5 










Backup boiler capacity (for SGH)  24MWth 
Efficiency of back-up boiler 80% 
 
2.5 Scenarios  
Table 2 presents the key information for each of the systems analysed, all of which were fixed 
to produce a constant overall thermal output of 30MWth. It should be noted that the receivers 
were scaled over the range of 1MWth to 30MWth because this range is most likely to offer 
economies of scale [7]: 
Table 2. A summary of the cases analysed. 
System Receiver size, ?̇?𝒓𝒆𝒄 (MWth) 𝒏𝒎𝒐𝒅 Description 
SGH 30 1 solar-only cavity receiver with 
24MWth backup boiler 
HSRC 30 1 HSRC  
SGH 10 3 solar-only cavity receiver with 
24MWth backup boiler  
HSRC 10 3 HSRC  
SGH 3 10 solar-only cavity receiver with 
24MWth backup boiler  
HSRC 3 10 HSRC  
SGH 1 30 solar-only cavity receiver with 
24MWth backup boiler  




Three thermal storage capacities of all the assessed systems, ?̇?𝑠𝑡𝑜, listed in Table 1 were 
considered, that is 1, 5 and 10 hours of storage.  
 
2.6 Plant Layout 
Fig. 5 shows the plant layouts that were assumed for the scenarios analysed. The layouts were 
selected based on the only modular CSP system, to our knowledge, currently in operation, 













Fig.5. Plant layouts assumed for the HSRC system (left) and SGH system (right) for different 
module sizes of (a) 30MWth, (b) 10MWth, (c) 3MWth and (d) 1MWth, with all systems 
producing a total thermal output of 30MWth. 
 
2.7 Electrical Trace Heating 
The model assumes that electrical trace heating is used whenever the temperature of the HTF 
falls below a critical value for the receiver, piping system and the hot and cold storage tanks 
(refer to Fig. 5) to prevent the HTF from solidifying. Trace heating is used for both systems 
during periods when the plant is operated from stored thermal storage, while the SGH also 
requires additional trace heating at times when ?̇?ℎ𝑒𝑙𝑖𝑜 is below its minimum threshold for which 
the gains exceed the losses [6]. We also report the primary energy associated with electrical 
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trace heating, assuming that the electricity is generated at an efficiency of 35% and that the 
power is purchased from the electrical grid [2]. 
To calculate the electrical trace heating of the pipes, the following equation was used (for 




 × 𝑛𝑚𝑜𝑑 × 1.1 × (((?̇?𝑡𝑟𝑎𝑐𝑒,𝑝𝑒𝑟 𝑝𝑖𝑝𝑒,𝑙𝑜𝑤  × (𝑛𝑝𝑖𝑝𝑒 × 𝑙𝑝𝑖𝑝𝑒,𝑠𝑎𝑙𝑡,𝑟𝑒𝑐)) +
?̇?𝑡𝑟𝑎𝑐𝑒,𝑝𝑒𝑟 𝑝𝑖𝑝𝑒,ℎ𝑖𝑔ℎ × ((𝑙𝑝𝑖𝑝𝑒,𝑏𝑎𝑠𝑒 𝑡𝑜 𝑡𝑎𝑛𝑘 × 2) + (ℎ𝑡𝑜𝑤𝑒𝑟 × 2)))    (1) 
Here, the values of ?̇?𝑡𝑟𝑎𝑐𝑒,𝑝𝑒𝑟 𝑝𝑖𝑝𝑒,𝑙𝑜𝑤 and ?̇?𝑡𝑟𝑎𝑐𝑒,𝑝𝑒𝑟 𝑝𝑖𝑝𝑒,ℎ𝑖𝑔ℎ are the average power required 
per meter of piping obtained from Rodriquez-Garcia et al. [23]. An additional 10% was also 
added to the overall power to account for the need to heat the storage tanks and other 
miscellaneous components [6].  
The length of pipes from the base of the towers to the EPGS, 𝑙𝑝𝑖𝑝𝑒,𝑏𝑎𝑠𝑒 𝑡𝑜 𝑡𝑎𝑛𝑘, was taken to be 
the average value of those reported for operating power plant layouts, assuming a constant 
optical efficiency for each of the heliostat fields, while the diameter of the pipes were assumed 
to range from 0.05m to 0.254m for each scale [24-26]. The average value in length considered 
the vertical distance of the furthest receiver to the tower for plant sizes of 1MWe and 10MWe 
which are equal to approximately 3.3MWth and 33.3MWth respectively. This distance was then 
extrapolated to estimate the distances for other scales. The estimated total length of piping 
carrying the HTF from the base of each tower to the hot and cold storage tanks are presented 
in Table 3. 
Table 3. The estimated total length of piping carrying the heat transfer fluid (HTF) from the 




Receiver Scale (MWth) Estimated total piping length from 






Table 4 presents the height of the solar power towers, ℎ𝑡𝑜𝑤𝑒𝑟, for different module sizes. The 
values of ℎ𝑡𝑜𝑤𝑒𝑟 were obtained from literature for scales of 3MWth, 30MWth and 100MWth, 
while the height for the other scales were predicted following a logarithmic equation of the 
three known tower heights, while also assuming a constant optical efficiency for each of the 
heliostat fields: 
ℎ𝑡𝑜𝑤𝑒𝑟 = 47.91 × ?̇?𝑟𝑒𝑐
0.1948
        (2) 
Table 4. Heights of solar power towers for different scales both obtained from literature and 
predicted based on a logarithmic equation. 
Receiver Scale (MWth) Height(m) Reference 
100 120 [6] 
30 90 [27] 
10 78 - 
3 60 [28] 
1 40 - 
 
2.8 Levelized Cost of Electricity 
The equation from International Energy Agency (IEA) was used to calculate the Levelized 






   (3) 
where t represents the year, 𝐼𝑛𝑣𝑒𝑠𝑡𝑡 is the cost of investment in year t, 𝑂&𝑀𝑡 is the operations 
and maintenance costs for year t, 𝐹𝑢𝑒𝑙𝑡 is the fuel costs for year t, 𝐶𝑎𝑟𝑏𝑜𝑛𝑡 is the total cost of 
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carbon emissions (e.g. from a carbon tax) for year t, 𝐷𝑒𝑐𝑜𝑚𝑡 is the decommissioning cost of 
the power plant for year t, r in the term (1 + 𝑟)−𝑡 is the discount factor for year t, and 𝐸𝑙𝑒𝑐𝑡 is 
the amount of electricity produced in year t. The life of the plant was assumed to be 30 years, 
while the present comparison conservatively ignores the costs of carbon emissions [11]. 
Decommissioning effects are also ignored following previous work by Lim et al [6] while the 
cost estimates were previously adjusted to account for inflation using the Chemical 
Engineering Plant Cost Index [5]. The discount factor is assumed to be equivalent to the 
assumed internal rate of return of 10% over the project life for most of the calculations done.  
Table 5 presents the values and correlations used in the cost estimations for the different 
module sizes of the HSRC and SGH. Because the cost of the HSRC is not yet known (being 
pre-commercial), a factor, 𝑓𝐻𝑆𝑅𝐶 , was introduced as a multiplier of the cost of a solar-only 
cavity receiver when estimating the capital cost of the HSRC. This factor was varied between 
1.5 and 2.5 times that of a solar-only cavity receiver, with most of the calculations assuming 
𝑓𝐻𝑆𝑅𝐶=2. This is because it is expected that the HSRC will cost more than a solar-only cavity 
receiver because of the addition of boiler components such as heat exchangers. Previous 
analysis has estimated that the addition of these components can double the weight of a solar-
only cavity receiver (to achieve the same thermal efficiency to that of its counterpart), so that 
this can be taken as a first-order estimator for cost. However, the previous analysis did not 
account for the use of heat exchanger enhancement methods such as fins and dimples which 
may reduce its overall weight and cost. On the other hand, additional capital cost may be 
inquired by the HSRC due to the need to install piping for its fuel supply line which was 
estimated to be 1.5 times the overall cost of piping for the SGH. This also results in a slight 
increase in parasitic losses required to pump the fuel to the HSRC by around 1-2%. 
Additionally, to account for the type of material used to manufacture each modular component, 
in particular the heliostats, tower, and both the solar-only cavity receivers and HSRC we 
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introduced a correction factor, 𝑓𝑚𝑜𝑑, which accounts for cheaper, more readily available 
parts/materials for the components in the smaller modules with a cost reduction of up to 40% 
[30]. Following this, the value of 𝑓𝑚𝑜𝑑 was varied between 0.2 and 1 with a value of 0.6 as the 
reference case. This value is also used to set targets for the cost reduction by mass production 
and technological advancements. Finally, it is also worth noting that the increased cost of 
sodium relative to molten salt included the additional costs of addressing the safety issues 
associated with sodium. 
Table 5. Values and correlations used in the Levelized Cost of Electricity, LCOE, calculations 
(US dollars). 
Component cost Correlation/value Unit Reference 




𝑛𝑚𝑜𝑑 × 𝑓𝑚𝑜𝑑 × 3.52?̇?𝑟𝑒𝑐,𝑚𝑎𝑥
0.44  $M [5] 
HSRC 𝑛𝑚𝑜𝑑 × 𝑓𝑚𝑜𝑑 × 𝑓𝐻𝑆𝑅𝐶 ×  3.52?̇?𝑟𝑒𝑐,𝑚𝑎𝑥
0.44  $M [5] 
Tower 𝑛𝑚𝑜𝑑 × 𝑓𝑚𝑜𝑑 × 0.0305?̇?𝑟𝑒𝑐,𝑚𝑎𝑥 +  0.961 $M [5] 
Piping 9 $/m2 [2] 
Thermal storage (molten 
salt) 
0.0153?̇?𝑠𝑡𝑜  +  0.502 $M [5] 
Thermal storage 
(sodium) 
3.2 × (0.0153?̇?𝑠𝑡𝑜  +  0.502) $M [18] 
Steam generator 0.212?̇?𝑆𝐺,𝑜𝑢𝑡,𝑚𝑎𝑥
0.7  $M [5] 
EPGS 1.84?̇?𝑆𝐺,𝑜𝑢𝑡,𝑚𝑎𝑥
0.7  $M [5] 
Gas-fired boiler 1.69?̇?𝑏𝑜𝑖𝑙,𝑚𝑎𝑥
0.7  $M [5] 
    
Operation & 
Maintenance 
   
Solar field 1.88𝐴ℎ𝑒𝑙𝑖𝑜 +  0.189 $M/yr [5] 
Plant 0.0151?̇?𝑒𝑙𝑒𝑐,𝑛𝑒𝑡 +  2.92 $M/yr [5] 
Fuel cost (Natural gas) 3 𝑡𝑜 15 $/GJ [32] 
    
Levelized cost 
calculation parameters 
   
Internal rate of return 5% 𝑡𝑜 20%   




Most of the calculations assumed the cost of fuel to be $3USD/GJ to allow a direct comparison 
with the earlier assessment of Nathan et al. and Lim et al. [5, 6]. This price is within the range 
of which the current price of natural gas fluctuates [32]. Because the cost of fuel is a significant 
factor in determining the LCOE of electricity generating technologies [29] and also varies 
worldwide, [32] a sensitivity analysis to the cost of natural gas ranging from $3USD/GJ to 
$15USD/GJ was also performed. 
2.9 Learning Rates 
The assessment employed the approach to learning rates proposed by the IEA to analyse the 
cost and benefits of emerging clean energy technologies, which includes solar thermal systems 
[33]. These rates are used to estimate the relative cost reduction of a component for each of its 
doubling in cumulative production accounting for all aspects of the component including 
manufacturing, capital costs and O&M costs [34-36]. The equations used to estimate the cost 
of a component based on learning rates after a fixed cumulative installed capacity are [37]:  
𝐶𝑜𝑠𝑡𝑐𝑎𝑝𝑐𝑢𝑚 = 𝐶𝑜𝑠𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × 𝐶𝑎𝑝𝑐𝑢𝑚
𝜀
       (4) 
𝐿𝑒𝑎𝑟𝑛𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 = 1 − 2−𝜀        (5) 
Here, 𝐶𝑎𝑝𝑐𝑢𝑚 represents the cumulative production capacity while the learning rate is a 
function of 𝜀, which represents the experience parameter that characterises its inclination. 
Jamasb and Kohler proposed the general “rule of thumb” learning rate for electricity generation 
technologies to be 20% [38]. They also predicted a learning rate of 22.5% for CSP technologies 
[38]. Hinkley et al calculated a learning rate of 15% while Neij et. al assumed a learning rate 
of 10±5% for the same technology respectively [34, 39]. Following this, a sensitivity study for 
learning rates in the range of 0% to 25% was performed with most of the calculations assuming 
a learning rate of 20%. In addition, all calculations were performed within the range of 30MWth 
to 3,000MWth of cumulative installed capacity with the reference case being 300MWth. 
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3.0 Results and Discussion 
Fig. 6 presents the distribution of power inputs and losses calculated to be necessary to achieve 
30MW of continuous thermal output for the HSRC and SGH systems with module sizes and 
thermal storage capacities of 1, 5 and 10 hours using molten salt as the HTF and storage 
medium. The figure shows that trace heating losses increase with decreasing receiver size to 
be dominant for the smallest two module sizes of 3MWth and 1MWth. Losses are also greater 
for the SGH than the HSRC for all storage capacities assessed. For the case of 1 hour of thermal 
storage capacity the power required for trace heating with 30 units of 1MWth receivers 
(HSRCQrec1,Qsto1,salt), is greater than that for a single 30MWth receiver (HSRC 30Qrec30,Qsto1,salt) 
by a factor of ~10, while the equivalent factor for the SGH is ~8. This factor is ~8 for both the 
HSRC and SGH systems for the cases of 5 and 10 hours of thermal storage capacity. Also, the 
power required for trace heating for the SGHQrec1,Qsto1,salt system is greater than that for the 
HSRCQrec1,Qsto1,salt system by ~450. This factor decreases with each module size but the trend 
remains the same. In addition, the power needed for combustion is higher for all cases of the 
SGH systems than the HSRC systems by a factor of ~1.2 to ~1.5, predominantly due to start-











Fig.6. Annually averaged distribution of power inputs and losses calculated to achieve 30MWth 
continuous output for both the Hybrid Solar Receiver Combustor (HSRC) and Solar Gas 
Hybrid (SGH) for modular sizes of 1MWth, 3MWth, 10MWth and 30MWth using molten salt as 
the heat transfer fluid with a thermal storage capacity of (a) 1 hour, (b) 5 hours and (c) 10 hours. 
Note that all data are reported as gross thermal power to and from the Electrical Power 
Generating System (EPGS). 
 
Fig. 7 presents the power required for trace heating for the case of the HSRC and SGH systems 
with 5 hours of thermal storage capacity using molten salt and sodium as the HTF and with the 
learning rate fixed at 20%, 𝑓𝑚𝑜𝑑=0.6 and 𝑓𝐻𝑆𝑅𝐶=2, calculated after 300MWth of cumulative 
installations. It can be seen that the trace heating losses decrease with an increase in module 
size for all the cases of the SGH and HSRC systems. It was also found that the power required 
for trace heating decreases by a factor of ~2.7 when sodium is used as the HTF and storage 
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medium. For SGH systems with a thermal storage capacity of 5 hours, the power required for 
trace heating decreases from ~45.3GWth/year to ~5.7GWth/year and ~16.8GWth/year to 
~2.1GWth/year with an increase in module size from 1MWth to 30MWth for the case of molten 
salt and sodium as the HTF, respectively. This is equivalent to ~2.7% to ~21.4% of the total 
LCOE for each system for the case of molten salt as the HTF and ~1% to ~7.9% for the case 
of sodium as the HTF. The trend is similar for the case of the HSRC, albeit with a decrease in 
trace heating losses relative to the SGH, with the losses contributing to less than 5.5% and 2% 
of the total LCOE for all cases of receiver size for molten salt and sodium as the HTF, 
respectively. That is, the use of sodium as a HTF decreases both the trace heating losses and 







Fig.7. Annually averaged power required for trace heating and its corresponding equivalent 
Levelized Cost of Electricity for both the Hybrid Solar Receiver Combustor (HSRC) and Solar 
Gas Hybrid (SGH) for modular sizes of 1MWth, 3MWth, 10MWth and 30MWth for a thermal 
storage capacity of 5 hours after a cumulative installed capacity of 300MWth with (a) molten 
salt and (b) sodium, as the heat transfer fluid with the learning rate is fixed at 20%, 𝑓𝑚𝑜𝑑=0.6 
and 𝑓𝐻𝑆𝑅𝐶=2. Note that all data are reported as gross thermal power to and from the Electrical 
Power Generating System (EPGS). 
 
Fig. 8 presents the LCOE calculated for the different module sizes for the reference case of 5 
hours of thermal storage capacity for both molten salt and sodium as the HTF, for the case with 
the learning rate fixed at 20%, 𝑓𝑚𝑜𝑑=0.6 and 𝑓𝐻𝑆𝑅𝐶=2 as a function of cumulative installed 
capacity. As is implicit for a learning-curve, the LCOE for all modular systems decreases with 
an increase in cumulative installed capacity. However, the rate of learning is much steeper for 
the HSRC than for the SGH. In addition, the LCOE decreases as the module size increases in 
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all cases, i.e. modularisation increases the LCOE for the case of fixed values of 𝑓𝑚𝑜𝑑. For 
example, for the case of molten salt as the HTF, the LCOE of the 1MWth system is higher than 
that of 30MWth by a factor of ~2.0 and ~1.8 for the HSRC and SGH systems respectively after 
a cumulative installed capacity of 30MWth, although this factor decreases to ~1.2 for both 
systems after a cumulative installed capacity of 30,000MWth. Additionally, for the case of 
1MWth module size, the LCOE for the HSRC system is slightly higher than the SGH system 
after cumulative installed capacities of only ~80MWth, because the initial capital cost of each 
HSRC unit is higher than that of a solar-only cavity receiver. However, for greater installed 
capacities, the LCOE of the HSRC becomes lower than the SGH systems. A similar trend was 
obtained for the case of sodium as HTF, although the LCOE of the SGH is lower than the 
HSRC for the case of module sizes of 3MWth and 1MWth before a cumulative installed capacity 
of ~200MWth and ~800MWth, respectively. This shows that the use of sodium benefits the SGH 
system more than the HSRC system due to higher trace heating losses from the former. 
Nevertheless, a reduction in the values of 𝑓𝑚𝑜𝑑 and 𝑓𝐻𝑆𝑅𝐶  and/or an increase in learning rates 







Fig.8. The dependence of the Levelized Cost of Electricity (LCOE) on different module sizes 
for the Hybrid Solar Receiver Combustor (HSRC) and the Solar Gas Hybrid (SGH) for the 
case of 5 hours of thermal storage capacity where 𝑓𝑚𝑜𝑑=0.6 and 𝑓𝐻𝑆𝑅𝐶=2, as a function of its 
cumulative installed capacity using (a) molten salt and (b) sodium as the heat transfer fluid. 
 
Fig. 9 presents the sensitivity of the LCOE to the value of 𝑓𝑚𝑜𝑑 for the case of 5 hours of 
thermal storage capacity, a learning rate of 20%, and 𝑓𝐻𝑆𝑅𝐶=2, calculated after 300MWth of 
cumulative installations in which the systems employ either molten salt or sodium as the HTF. 
For the molten salt systems, it can be observed that the LCOE for the module size of 1MWth 
for the HSRC system is higher than its 30MWth counterpart for all cases of 𝑓𝑚𝑜𝑑, while for the 
module size of 10MWth and 3MWth, the equivalent LCOE is lower than its 30MWth counterpart 
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when 𝑓𝑚𝑜𝑑< 0.6 and 𝑓𝑚𝑜𝑑< 0.3, respectively. For all the module sizes of the SGH system, the 
LCOE is higher than that of its 30MWth counterpart, except for the case of a module size of 
10MWth and 𝑓𝑚𝑜𝑑 < 0.4. There is also a steeper gradient for all the cases of modularised HSRC 
system because the capital cost of the HSRC has a greater influence than a solar-only cavity 
receiver for the SGH system. For the systems that employ sodium as the HTF, the trends are 
similar for all cases of module sizes for the HSRC. However, for the SGH systems, the LCOE 
for the module size of 10MWth is lower than its 30MWth counterpart for all values of  𝑓𝑚𝑜𝑑 
while for the module sizes of 3MWth and 1MWth, the LCOE is lower than its 30MWth 







Fig. 9. The dependence of the Levelized Cost of Electricity (LCOE) on the modularisation 
correction factor, 𝑓𝑚𝑜𝑑, for the Hybrid Solar Receiver Combustor (HSRC) and Solar Gas 
Hybrid (SGH) for the case of 5 hours of thermal storage with a learning rate of 20% and 
𝑓𝐻𝑆𝑅𝐶=2 after 300MWth of cumulative installations using (a) molten salt and (b) sodium as the 
heat transfer fluid. 
 
Fig. 10 presents the sensitivity of the LCOE to the value of the learning rate, for the case of 5 
hours of thermal storage capacity, 𝑓𝑚𝑜𝑑=0.6 and 𝑓𝐻𝑆𝑅𝐶=2 after 300MWth of cumulative 
installations. It can be seen that the percentage reduction in LCOE is greater because the 
learning rates increase for all cases of the HSRC (up to 43%) compared with the SGH (up to 






Fig.10. The dependence of the Levelized Cost of Electricity (LCOE) on different module sizes 
for the Hybrid Solar Receiver Combustor (HSRC) and the Solar Gas Hybrid (SGH) for the 
cases of 5 hours of thermal storage where 𝑓𝑚𝑜𝑑=0.6, 𝑓𝐻𝑆𝑅𝐶=2 and molten salt as the heat 
transfer fluid, as a function of its learning rate. 
 
Fig. 11 compares the relative sensitivity of the LCOE to changes to each parameter (i.e. the 
“tornado chart”) for systems employing molten salt as the HTF. Data are presented for 
cumulative installed capacities ranging from 30MWth to 3,000MWth for both the cases of 
HSRCQrec3,Qsto1 and HSRCQrec3,Qsto10. It is evident that the fuel cost has the greatest influence on 
the LCOE for the HSRCQrec3,Qsto1 system and that this influence increases with cumulative 
installed capacity. However, for HSRCQrec3,Qsto10, the discount factor has the greatest influence 
on LCOE for cumulative installed capacities of 30MWth and 300MWth. This is because the 
amount of fuel required for these systems is lower due to higher solar fractions resulting from 
an increase in thermal storage capacity. For cumulative installations of 300MWth and above, 
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the fuel cost has the greatest influence on LCOE. This implies that the selection of fuel is a 
significant factor when designing a hybrid solar thermal power plant, especially for systems 





























































Fig.11. The influence of each parameter of the Levelized Cost of Electricity (LCOE) for 
module size of 3MWth for the Hybrid Solar Receiver Combustor (HSRC) for the case of (a) to 
(c) 1 hour and (d) to (f) 10 hours of thermal storage capacity where the learning rate is fixed at 
20%, 𝑓𝑚𝑜𝑑=0.6, 𝑓𝐻𝑆𝑅𝐶=2 and molten salt as the heat transfer fluid. 

























Fig. 12 presents the sensitivity of the LCOE to the value of the cost multiplier for the HSRC, 
𝑓𝐻𝑆𝑅𝐶 , for the case of 5 hours of thermal storage, a learning rate of 20%, and 𝑓𝑚𝑜𝑑=0.6 and for 
300MWth of cumulative installations. It can be seen that the LCOE for all module sizes of the 
HSRC system is dependent on the cost multiplier. The LCOE of the HSRC is lower than the 
SGH for 𝑓𝐻𝑆𝑅𝐶  < 2.5 with all module sizes. This approach can be used to set a target for the 
cost reduction required from mass production and/or from advancements in the design of the 
HSRC. 
 
Fig. 12. The dependence of the Levelized Cost of Electricity (LCOE) on the HSRC cost 
multiplier, 𝑓𝐻𝑆𝑅𝐶 , for the Hybrid Solar Receiver Combustor (HSRC) and Solar Gas Hybrid 
(SGH) for the case of 5 hours of thermal storage with a learning rate of 20%, 𝑓𝑚𝑜𝑑  = 0.6 and 





The techno-economic implications of modularisation of hybrid solar thermal systems have 
been presented, derived from calculations with a pseudo-dynamic model. This shows that: 
 The benefits of the learning curve of CSP technologies alone is not sufficient to yield a 
benefit from modularisation of hybrid CSP systems. To lower the LCOE also requires 
that modularisation allows the technology to utilise (or adapt) alternative components 
whose costs have already been lowered through mass production of other types of 
technology.  
 The losses for smaller sized modules, namely 1MWth and 3MWth, using molten salt as 
its HTF, are dominated by trace heating owing to the increased piping over their larger 
receiver counterpart. These losses are significantly reduced if an alternative low melting 
temperature fluid (e.g. sodium) is used. 
 The HSRC reduces trace heating (for a molten salt system) by a factor of ~450 for the 
case of 1 hour of thermal storage capacity for 30 units of 1MWth power plant relative 
to the SGH. However, the initial investment (and resulting LCOE) required to construct 
the HSRC modules is greater than that for solar-only cavity receivers employed in the 
SGH system. For a total cumulative installed capacity of greater than ~70MWth the cost 
of the HSRC becomes lower than the SGH assuming a learning rate of 20%. With the 
use of an alternative HTF with lower melting temperature, the benefits of the HSRC 
compared with the SGH are less significant. 
 The LCOE for both the HSRC and SGH systems decreases significantly with an 
increase in total installed capacity. The LCOE of smaller modules becomes competitive 
with a single larger module after the total installed capacity reaches ~300MWth (i.e. 
after 10 plants are installed), if the cost of the modularised components can be decreased 
by >80% and >40% for systems that employ molten salt and sodium as its HTF, 
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respectively. Nevertheless, the actual value depends on other factors such as learning 
rates and the reduced cost of modularised components.  
 Learning rates greatly influence the LCOE of emerging power technologies, and are 
more significant for the case of the HSRC than the SGH due to the higher capital cost 
of the HSRC relative to a solar-only cavity receiver. The learning rates influence the 
LCOE of the HSRC and SGH systems by up to 43% and 32%, respectively.  
 The cost of fuel is a major factor when calculating the LCOE, especially for the case of 
systems with a small thermal storage capacity, such as 1 hour. The selection of fuel in 
hybrid solar thermal systems has a large influence on its overall LCOE. 
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Chapter 7 - Conclusions 
The present thesis provides new understanding about the potential economic benefits of 
directly integrating a solar cavity receiver with a natural gas combustor, termed the Hybrid 
Solar Receiver Combustor (HSRC), to provide firm supply of electricity with low emissions. 
The performance of the HSRC was evaluated using analytical models that calculate heat 
transfer, mass flow rates and energy balance in the device and pseudo-dynamic models that 
evaluated the device’s performance over periods of up to five years. The study identified 
research targets into which parameters (e.g. length of cavity to diameter of cavity ratio, heat 
exchanger length etc.) are important in terms of influencing the HSRC’s performance. The 
benefits of the HSRC which include a reduction in start-up and shut down losses and parasitic 
losses, relative to its equivalent hybrid (termed the Solar Gas Hybrid (SGH)) were also 
estimated. In addition, the study considered operation of the HSRC with both conventional 
combustion and Moderate or Intense Low-oxygen Dilution (MILD) combustion, and 
contrasted the results under different operating conditions. Finally, the study considered the 
concept of modularisation of selected components, in particular, the heliostat, tower, and 
receiver, for both HSRC and SGH systems by comparing their Levelized Cost of Electricity 
(LCOE).  
The following are the main conclusions from the research project: 
 The size and the weight of the HSRC is typically controlled by the heat transfer 
requirements of the combustor, rather than the solar receiver, because additional length 
(and hence, weight) is required for the heat exchanger component to recover the heat 
from the combustion products. In addition, the heat flux that can potentially be achieved 
by a solar concentrator is greater than that from combustion. 
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 For the HSRC to achieve a similar efficiency to a conventional boiler requires it to be 
integrated with a sufficiently effective heat exchanger. It was estimated that this will 
double the cost of the device relative to a solar-only cavity receiver, although it is 
possible to integrate more efficient (lighter and cheaper) heat exchanger components 
such as fins and dimples.  Nevertheless, the total cost of the device was estimated to 
still be lower than that of two separate devices, i.e. a gas boiler and a solar cavity 
receiver. 
 When implemented in a typical power plant, the HSRC was estimated to reduce the net 
fuel consumption by up to 31%, and LCOE by up to 17%, relative to an equivalent 
hybrid CSP system that employs a standalone solar-only cavity receiver and backup 
boiler, called the Solar Gas Hybrid (SGH), for a reference receiver capacity of 
100MWth. This is because the HSRC reduces start-up and shut-down losses of a 
conventional boiler and reduces parasitic losses due to electrical trace heating. These 
results are most sensitive to the thermal storage capacity and cost of fuel (natural gas). 
 Further improvements can potentially be made to the HSRC by configuring it to operate 
in the conditions required for Moderate or Intense Low-oxygen Dilution (MILD) 
combustion. By doing this, there is also potential to reduce the LCOE relative to the 
HSRC operating with conventional combustion by up to 4% for a reference receiver 
capacity of 30MWth.  
 Modularisation of selected components in a hybrid CSP plant (i.e. heliostats, towers, 
solar receivers) has the potential to be economically beneficial relative to a single large 
scale power generation system through the use of alternative, low-cost manufacturing 
methods. In particular, for a plant of 30 units of 1MWth modules, the LCOE was 
estimated to be competitive, compared with a single unit of 30MWth, after ~10 plants 
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are installed if the cost of the components can be decreased by >80% for systems that 
employ molten salt as its Heat Transfer Fluid (HTF).  
 The use of a low melting point HTF, e.g. sodium, in a modular hybrid CSP plant was 
estimated to significantly increase the benefits of modularisation, relative to a modular 
system that employs molten salt as its HTF, predominantly by decreasing the amount 
of parasitic losses. Specifically, the LCOE for a plant of 30 units of 1MWth modules 
was estimated to be competitive, relative to a single unit of 30MWth, after ~10 plants 
are installed if the cost of the modular components can be decreased by >40%.  
 For a modular system, the HSRC technology was estimated to reduce the amount of 
electrical trace heating losses of an SGH system by a factor of up to ~450 if both 
systems employ the use of molten salt as the HTF, although the initial investment 
required to construct the HSRC modules is greater. The LCOE of the HSRC was 
estimated to be lower than the SGH after a total cumulative installed capacity of 
>70MWth if both systems employ the use of molten salt, assuming a learning rate of 
20%. This is because the learning rate influences the LCOE of the HSRC more 
significantly than the SGH. However, the benefits of the HSRC compared with the SGH 
are less significant when an alternative HTF with a lower melting point, e.g. sodium, is 
used. 
In light of this, the results obtained have further advanced the fundamental understanding of 
the HSRC and better identified the conditions where the HSRC technology would offer 


















Chapter 8 – Recommendations for future work 
It is recommended that more advanced modelling techniques are to be used to reduce the 
uncertainties and assumptions of the analytical model (refer to Chapter 3). More complex 
modelling tools such as Computational Fluid Dynamics (CFD) studies of the device could be 
used to improve the predictions of the performance of the Hybrid Solar Receiver Combustor 
(HSRC). The outcomes of these studies should provide the knowledge required to construct a 
prototype of the HSRC for experimental research. In particular, important aspects that may 
potentially influence the performance of the HSRC, such as the effects of coking and 
condensation, could be analysed. Experimental studies that can demonstrate this concept and 
provide further verification of this technology would accelerate its development towards 
potential commercialization.  
Additionally, combining the HSRC technology with other hybrid CSP-combustion systems, 
such as feedwater heating, has not yet been considered. This combination will no doubt 
increase the solar share of the electrical power system. However, the overall capital cost of the 
system will be increased. Hence, this trade-off needs to be assessed, and it could ultimately 
increase the benefits of adopting the HSRC technology in an electrical power system. 
The final recommendation for future work is to study the performance of the HSRC using 
different Heat Transfer Fluids (HTFs). Thus far, assessments have only been done assuming 
molten salt as the HTF. The use of other types of HTFs have yet to be explored. In particular, 
air, which has been shown to be able to operate at higher temperatures of approximately 900°C. 
Such high temperatures are well suited for cavity receivers. Air is also relatively cheap 
compared with molten salt, although a lot more volume is required due to its lower specific 
heat capacity. Another potential advantage of using air relative to molten salt is the ease of 
pumping it up a tower, which may result in lower parasitic losses. 
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